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PASSIVE GEODETIC SATELLITE 

INF'LATABLE SPHERE ASSEMBLIES 

By S .  J. Stenlund, C. A .  Dahlgren, A. J. Wendt, D. Lingo, 
D. Roiseland, and T. J. Neuhaus 

G. T. Schjeldahl Company 

The construction of the PAGEOS (Passive Geodetic Satellite) 30.48-meter- 
diameter inflatable sphere is described in detail, from design analysis, 
through design testing, manufacturing and inspection, to the final packing 
in a canister. An original method is derived for predicting the reliability 
of the sphere, without demonstration tests or predetermined component failure 
rates. The sphere was put in orbit from Vandenburg AFB on June 23, 1966. 

INTRODUCTION 

As a continuation of the NASA effort in support of the National Geodetic 
Satellite Program, an ECHO I type satellite was launched into a near-polar 
orbit 4,250 kilometers in altitude from Vandenburg AFB on June 23, 1966. The 
30.48-meter-diameter aluminum-coated spherical satellite can be observed from 
the ground as a point source of light while it reflects the incident sunlight. 
Simultaneous photographs of this light source taken against the star background 
by two or more widely separated ground-based cameras will enable geodesists to 
determ-ine the spatial coordinates of each camera position. An interconnected 
series of camera positions has been established to cover the entire surface of 
the earth, thereby permitting geometric determination of each camera position 
within a single reference system. The use of this satellite for geodetic pur- 
poses will continue for a 5-year minimum period during which the necessary 
photogrammetric observations will be made to provide, for the first time, a 
purely geometric determination of the shape and size of the earth. 

This report describes the work in analysis, testing, and fabrication of 
the inflatable sphere assemblies required for the Passive Geodetic Satellite 
project . 

DEFINITIONS 

1. Gores - the shaped segments that are sealed together to form a sphere. 
2. Gore blank - a length of full width material sufficient for cutting a 

gore and samples. 

3. Splice tape - a narrow adhesive coated strip of material used to seal 
gores together. 



4. Polar cap  - circular d h c  of materisll bonded t o  gore ends.  

5 .  F i n a l  seal - t h e  las t  splice t a p e  used t o  seal t h e  f i r s t  and last gore 
t oge the r .  

6 .  Bond - t h e  f a s t e n i n g  f o r c e  e x e r t e d  by an adhesivc-coated s p l i c e  t ape  
when a c t i v a t e d  by h e a t .  

7 .  Butt j o i n t  seal - a j o i n t  of two gore  edges he ld  t o g e t h e r  wi th  s p l i c e  
tape.  

8. Bi tape seal - a j o i n t  of t w o  gore  edges he ld  t o g e t h e r  w i t h  a t a p e  on 
both s i d e s .  

9. Vent h o l e  - a re in fo rced  h o l e  (0 .16 c m  d iameter )  c u t  i n  t h e  sphe re  t o  
a l low entrapped a i r  t o  escape  du r ing  packing and evacuat ion .  

10. Quator - an imaginary c i r c l e  around t h e  c e n t e r  of t h e  sphe re ,  equa l ly  
d i s tan t  a t  a l l  p o i n t s  from t h e  p o l a r  caps.  

11. North and South poles  - t h e  outermost  po in t s  of a sphere  corresponding t o  
the  c e n t e r s  of t h e  p o l a r  caps.  

1 2 .  Adhesion - t h e  s t i c k i n g  toge the r  of PAGMS material which i s  caused i n  
p a r t  by t h e  p r o p e r t i e s  of t h e  s u r f a c e s  of t h e  f i l m .  It  is a c c e l e r a t e d  by 
heat  and p r e s s u r e  as of t h e  s e a l i n g  wheel. 

13. Seam c r e e p  - s l ippage  of t h e  s p l i c e  t a p e  adhes ive  which causes s e p a r a t i o n  
of a s e a l e d  j o i n t  du r ing  h igh  stress and u s u a l l y  a t  e l e v a t e d  temperatures .  

14. Accordion p l e a t i n g  - t apered  l o n g i t u d i n a l  gore  f o l d  whose width determines 
the f i n a l  package s i z e  on t w o  s i d e s .  This is t h e  f i r s t  s t a g e  of sphere  
packaging. 

15. Folding - t h e  second stage of sphe re  packing, made i n  t h e  t r a n s v e r s e  direc- 
t i o n  of t h e  gore.  

16. Zigzag f o l d  - t h e  method of f o l d i n g  i n  which t h e  p l e a t e d  s t a c k  is  fo lded  
back and f o r t h  on i t s e l f  so t h a t  unfo ld ing  can s t a r t  a t  e i t h e r  end or both 
ends a t  once. 

1 7 .  P lea ted  s t a c k  - t h e  r e s u l t i n g  symmetrical  c igar-shaped p i l e  of sphere  
ma te r i a l  a f t e r  t h e  p l e a t i n g  o p e r a t i o n  is complete. 

18. Folded stack - t h e  r e s u l t i n g  symmetrical p i l e  of packaged sphere  material 
a f te r  a l l  packing s t e p s  are complete.  

19. Evacuation s l e e v e  - an a i r - t i g h t  p l a s t i c  t ube  used t o  p r o t e c t  and enc lose  
a p l e a t e d  sphere ;  when evacuated ,  t h e  sleeve f o r c e s  entrapped a i r  ou t  of 
t h e  sphere.  
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SYMBOLS 

a b s o r p t i v i t y  

a lbedo of  t h e  e a r t h  

C e l s i u s  

s o l a r  c o n s t a n t  

arc 

d iame t e  r 

emis s i v i  t y  

f u n c t i o n  

a1 t i t u d e  

Ke i v i  ri 

rE/(rE + h )  

per imeter  of v a l v e  duc t  opening 

number of gores  

load ing  t e n s  ion  

p r e s s u r e  

uniform load ing  

r a d i u s  

stress 

temperature  

t h i c knes s 

upper 90 p e r  c e n t  confidence l i m i t  of t h e  
d i f f e r e n c e  of popula t ion  means 

d i s t a n c e  from seal edge along sphe re  s u r f a c e  

s t r a i n  

popula t ion  means 

S t e f a n  Boltzmann c o n s t a n t  

Un i t s  

-- 
e- 

degrees  

2.00 cal/cma minute 

meters 

meters 

-- 

k i 1 ome t e r  s 

-- 
meters 

-- 
dynes 

dynesjcm2 

dyne s / c m  

meters 

dynes/cm2 

degrees  Celsius o r  Kelvin 

millimeters 

v a r i o u s  

c e n t i m e t e r s  

-- 
v a r i o u s  

0 5.672 x ergs/cm2 sec K 
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Subscripts: 

half angle subtended by gore at equator 

angle measured from tha equator toward the pole 
of the sphere 

radians 

radians 

cs cold spot 

E earth 

HS hot spot 

i inner or inside 

o outer or outside 

S solar 

s seal 

v vapor 

DgSCRIPTION OF SATnLITE 

The PAGEOS satellite was constrkted from 0.0127-millimeter ( 0 . 5  mil) 
thick polyethylene terephthalate (PET) plastic film with approximately 2,200 
angstroms of aluminum vapor deposited on the outside surface. The thin film 
of aluminum serves two purposes: first, it reflects sunlight, having a re- 
flectance of 83 to 90 per cent and a specular component greater than 93 per 
cent, to wavelengths in the visible spectrum, and second, it protects the film 
from damaging ultraviolet radiation. 

The aluminum was vapor deposited on long rolls of 137.16-centimeter-wide 
plastic film. From these rolls, 84 gores required for the construction of 
each inflatable sphere were cut into the required shape, sealed together with 
splice-plate tape, and capped at each polar end. The gores were approximately 
113.99 centimeters wide at the equator and 47.85 meters long as seen in figure 
1. These gores were butted together and sealed with a 2.54-centimeter-wide 
tape made from the same material as used for the gores with a thin layer of 
thermosetting resin applied to the plastic side of the film to serve as the 
adhesive. (See figure 1). The tape was applied to the inside surface of the 
sphere. 

Other major components of the sphere, essential in maintaining the 
strength in the polar areas, are the end caps shown in figure 2. 
serve as termini f o r  the tips of the gores. This is a practical method of 
bringing all the converging gore tips together, and transferring the circum- 
ferential atreesea acroas the poles when the sphere is under pressure. As 
Been in figure 2 ,  the polar end caps of a PAGEOS sphere have a ring of metallic 
aonductive paint near the edge of the cap which electrically connects all the 
gores. Theoe strips of metallic paint, applied under the polar cap, are 
called continuity rings. 
material in each polar end cap. 
the inner layer of 0.0254-nun thick, nonmetalized PET. is the main load bearing 

The end caps 

Figure 2 also shows that there are two layers of 
The outer layer is the metalized PEX, and 

4 



a, 
a 
(II 
I-r 

5 



mi' a, 0 6 

0 m 

E 
(L 

B 
I 
h 
hl 
cr 
0 
0 

6 



materhl. The o u t e r  l a y e r  i s  pr imar i ly  f o r  c o n t i n u i t y  i n  t h e  o p t f c a l  and 
thermal a s p e c t s  of t h e  sphere.  

When a PAGEOS sphere i s  ready f o r  de l ive ry ,  i t  is complete wi th  an i n f l a -  
t i o n  system, This  system i s  a c a r e f u l l y  weighed combination of powders (ben- 
z o i c  a c i d  and anthraquinone)  d i s t r i b u t e d  on t h e  i n s i d e  of t he  gores  p r i o r  t o  
f i n a l  c l o s u r e  of t h e  sphere.  The powder was dus ted  i n  each p l e a t  dur ing  t h e  
p l e a t i n g  opera t ion .  A schematic of t h e  completed sphere  ( f i g u r e  3 )  shows 
gore  and end cap  arrangement. 

A f u l l - s c a l e  sphere,  30.48 meters i n  dlameter ,  i s  shown i n f l a t e d  fn  
f i g u r e  4. 

DESIGN ANALYSIS 

S t r e s s  A M  Lys is P 1 fgh t  Sphere 

Assembling a sphere  f r o m  f l a t  panels  y i e l d s  a shape which has a c i r c u l a r  
c ros s - sec t ion  through t h e  poles ,  bu t  i s  more o r  less polygonal through t h e  
equator .  The degree of depa r tu re  from a c i r c l e  depends on the  number of panels  
or gores used i n  t h e  cons t ruc t ion .  For t h e  PAGEOS sphere 84 gores  were used. 

I f  i t  is assumed that  t h e  j o i n i n g  tapes  do n o t  s t r e t c h ,  t he  84-sided poly- 
gon can be made s p h e r i c a l  by s t r e t c h i n g  the center of t h e  gores .  

A n a l y s i s  f o r  stress cond i t ions  i n  t h e  PAGEOS f l i g h t  sphere can be separ- 
a t e d  i n t o  areas c o n s i s t i n g  of the sphere  body, t a p e s ,  and p o l a r  caps.  

If t h e  assumptions are made t h 8 t  (1) the sphe re  shape i s  i n i t i a l l y  a 
polygon, and  ( 2 )  t h e  t a p e s  act  I S  a c o n s t r a i n t ,  t h e  s t r a i n  and stress re- 
q u i t e d  t o  a t t a i n  t h e  s p h e r i c a l  shape can  be determined as fo l lows  (see f i g u r e  
5 ) :  

t he re f  o re  

S t r a i n  as  a f u n c t i o n  of t h e  n u m k r  of gords has  been p l o t t e d  i n  f f g u r e  6. 
The graph shows t h a t  for W84, a s t r a i n  of 2.4 x cm/cm i s  r equ i r ed  t o  
t ransform t h e  polygonal shape t o  a sy l :~ r i . ca l  shape. Us ing  I ~ o L J K ~ ' S  law, t h t  
correspondfng s t ress  may be  c a l c u l a t e d  nc 8.274 x lo6  dyn/cm2. This  f f g u r e  
i n d i c a t e s  that t h e  sphe r i ca l  shape w i l l  b e  a t t a i n e d  a t  a I * P T V  low i n t e rnn '  
p ressure ;  however, i f  t h e  s p h e r i c a l  shape is t o  be maintained wi thout  t n t e r n a l  
p re s su re ,  t h e  material must be s t r e s s e d  t o  o b t a i n  a permanent deformation 
equ iva len t  t o  2.4 x loB4 cm/cm. Assumfng Hooke's l a w  a p p l l e s ,  t h e  stress 
r equ i r ed  t o  a t t a f n  t h e  necessary  permanent deformation may be  determined by 
drawing a p a r a l l e l  t o  t h e  i n i t i a l  s t r a i g h t  l i n e  p o r t i o n  of t h e  stress-strain 
curve f o r  PET. This p a r a l l e l  must I n t e r s e c t  t h e  a b s c i s s a  a t  2.4 x cdcm.  

7 



Figure  3 . -  Schemat ic  of 30.48-m diameter  PAGEOS 
sphere  ( T i l t e d  forward t o  show end c a p ) .  
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The co r re spondhg  i n t e r s e c t i o n  wi th  t h e  curve f i x e s  t h e  r e q u i r e d  stress, 
7 shows that a material stress of approximately 545 x lo6 dyn/cm2 
y i e l d  t h e  d e s i r e d  permanent deformation. 

F i g u r e  
w i l l  

The p r e s s u r e  r e q u i r e d  t o  a t t a i n  t h e  d e s i r e d  permanent e l o n g a t i o n  may be 
c a l c u l a t e d  from t h e  equat ion S = p r / 2 t ,  

as p = 0.0908 x 10 dyn/cm 4 2 

s i n c e  t = ,0127 mm 

6 2 S = 545 x 10 dyn/cm 

and  r = 15.24 meters 

F igure  8 shows t h e  stress p l o t t e d  as a f u n c t i o n  of p re s su re .  , 

Ta s.--The gore tapes r e p r e s e n t  an i r r e g u l a r i t y  on t h e  sphere su r face .  
A t  t h e  --% o t, two th i cknesses  of material are p r e s e n t ,  and two stress cond i t ions  
sxist i n  the composite made up of gore,  tape, and adhesive.  One b i a x i a l  stress 
cond i t ion  occurs in t h e  compoelte, and t h e  second occurs  i n  t h e  t a p e  itself 
In a n  area de f lned  by t h e  gap between a d j a c e n t  gores and t h e  tape length.  
cond i t ions  are i l l u s t r a t e d  i n  f i g u r e s  9 and 10. 

The 

Abrupt t h i ckness  t r a n s i t i o n s  such as those a t  t h e  taped j u n c t i o n s  might 
be expected t o  cause stress concen t r a t ions ,  on t h e  o rde r  of two t o  t h r e e  t h e 8  
t h e  #tress a t  a d i s t a n c e  from t h e  t a p e .  However, e x t e n s i v e  t e s t i n g ,  and exper- 
ience wi th  PET and PET i n f l a t a b l e s ,  h a s  demonstrated t h a t  stress concen t r a t ions  
do not occur o r  are i n s i g n i f i c a n t  i f  p re sen t .  

Assuming that t h e  stress c o n d i t i o n s  i l l u s t r a t e d  i n  Pigure 10 are r e a l i z e d ,  
and that i n f l a t i o n  p res su res  are g r e a t  enough t o  a c h i e v e  t h e  d e s i r e d  permanent 
go re  deformatfon, t h e  p r i n c i p a l  e f f e c t  of t h e  t apes  will be a l o n g i t u d i n a l  
r e s t r a l n t .  
w i t h  subsequent release of i n t e r n a l  p r e s s u r e ,  t h e  t a p e s  w i l l  r e t u r n  t o  t h e i r  
uns t r e s sed  p o s i t i o n .  

Tape e longa t ion  w i l l  be  w i t h i n  t h e  e las t ic  range of PET so t h a t  

I t  follows from t h e  above d i s c u s s i o n ,  that it is r easonab le  t o  expec t  
that loading of t h e  p o l a r  caps w i l l  b e  c i r c u m f e r e n t i a l l y  uniform. 
edge loading s t r a i n  w i l l  be d iv ided  e q u a l l y  between t h e  two p o l a r  caps a t  each 
p o l a r  l o c a t i o n  r e s u l t i n g  i n  a uniform b i a x i a l  stress f n  each. Equations f o r  
stress are a s  follows: 

Therefore ,  

Edge loading a t  per iphery of caps 

Q 'skin t s k i n ,  

= 0.0127 mm t s k i n  

1 2  
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344 .75  

1 7 2 . 3 8  

c I 
0 . 4 1 4  

Pressure - dyn/cmL x lo4  
Sphere i n t e r n a l  p r e s s u r e .  

Figure 8 , -  S k i n  stress vs i n t e r n a l  p r e s s u r e  30.48-111 
diameter  P A G E S  s p h e r e ,  
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Gore 

\Tape 

Q i s  assumed to be u n i f o r m  Loading caused by 1111fut-rn 

i n t e r n a  1 p r e s s u r e  

F i g u r e  9 ,  - L o a d i n o ,  of t a p e - S o r e  cvoiposi t c  
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SI = Q / t  Composite 

S2 = Q/t Composite 

S3 = Q/t Tape 

S,, = Q/t Tape 

I I 

I I 1 
2' 1 f  s 2  

s3  

i s 4 r l  
\ 

\ 

Figure 1 0 , -  S t r e a s  d i s t r i b u t i o n  tape-gore  c o m p o s i t e .  
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I n n e r  p o l a r  cap s t ress  

si (Q) t p o l a r  cap, 

= 0.0254 mm 

I - - 

p o l a r  cap  t 

- - Q=- ’skin 
2 :. si 

2 t sk in  

This i n d i c a t e s  t h a t  t h e  i n n e r  p o l a r  cap i s  twice as s t r o n g  as t h e  rest 
of t h e  sphe re ,  and hence has  a s a f e t y  f a c t o r  of two. Moreover, t h e  o u t e r  p o l a r  
c a p ,  s e r v i n g  as a uv s h i e l d ,  adds a d d i t i o n a l  s t r e n g t h .  

S t r e s s  Analys is  S t a t i c  I n f l a t i o n  Tes t  SphEre 

The s t a t i c  i n f l a t i o n  test  sphe re  i s  s imilar  t o  t h e  f l i g h t  s p h e r e  w i t h  
t h e  excep t ion  of i n f l a t i o n  d u c t s ,  valve d u c t ,  and e q u a t o r i a l  load patches.  
The re fo re ,  t h e  preceding d i s c u s s i o n  a p p l i e s  t o  t h e  t e s t  sphe re  as w e l l  as 
t h e  f l i g h t  sphe re  w i t h  t h e  except ion of ite.ms mentioned. 

I n f l a t i o n  ducts.-Since the  duc t  cut-out i s  o v e r l a i d  with a f a b r i c  d i s c ,  
it is  assumed t h a t  no d i s c o n t i n u i t i e s  are p r e s e n t  i n  t h e  sphe re  s k i n ,  and t h e  
comments above r ega rd ing  p o l a r  caps are  d i r e c t l y  a p p l i c a b l e .  A s a f e t y  f a c t o r  
has  been included i n  t h e  des ign  because of dynamic load ing  du r ing  i n f l a t i o n .  
The s a f e t y  f a c t o r  may be determined as  fol lows:  

-- 

6 Accepted u l t i m a t e  s t r e n g t h  of 0.0127-mm PET = 1.75 x 10 dyn/cm 

Measured u l t i m a t e  s t r e n g t h  of f a b r i c  

6 

6 

( a )  Woof = 5.26 x 10 dyn/cm 

(b) Warp = 5.61 x 10 dyn/cm; t h e r e f o r e ,  

S a f e t y  f a c t o r  = 3 

Valve duct.-Loading c o n d i t i o n s  f o r  t h e  va r ious  elements of t h e  v a l v e  
d u c t  assembly are shown i n  f i g u r e  1 3 .  Each element can be analyzed as fo l lows :  
-- 

1. F a b r i c  t a p e  r i n g :  

s k i n  1 ’  Q.12 = 1/2 Istressskin] [ thickness  

17 
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A .  Reinforcement of c u t - o u t  w i t h  f a b r i c  and l i n e  

e----- -. 
c u t  -0 u t ,-= 

---L Q / 2  - Q/2 

Fabr ic  445 x 10 dyn test  line 

B .  Re in forced  valve d u c t  assembly  

Duct 

Q 

/ I 

( Q  i s  e f f e c t i v e  un i formly  around t h e  p e r i m e t e r )  

s k i n  

0 

Q 

Figure  11 .- Valve ddct  loading 
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6 U l t i m a t e  s t r e n g t h  of f a b r i c  * 5.26 X 10 dyn/cm 

U l t i m a t e  design load of sphere skin = Q = 1.75 X 10 dyn/cm 

F a b r i c  loading = Q/2 = 0.87 x 10 dyn/cm 

S a f e t y  f a c t o r  a 6 
6 

6 

6 

2.  4lb5 x 10 dyn l i n e  

Loading * P = , 
j =  (nD) = 2.39 

6 P = 209.6 x 10 

S a f e t y  f a c t o r  =: 

3. Valve d u c t  

Hoop stress = Q 

meters 

dYn 

2 

6 = 1.75 X 10 dyn/cm 

6 
U l t i m a t e  s t r e n g t h  of ZamLaste = 5.26 X 10 ' dyn/cm 

S a f e t y  f a c t o r  = 3. 

As for p o l a r  cap loading,  t h e  assumption has been made t h a t  t h e  adhes lve  
used provides  a uniform loading f r e e  of stress concen t r a t ions .  

&qua to r i a l  load patches.,The load patch a n a l y s i s  i s  as follows: 

1, Sphere matertal 

6 
U l t i m a t e  s t r e n g t h  = 1.75 x 10 dyn/cm 

Bond l eng th  f o r  patch - 96.5 cm 

MPXlmum al lowable pa t ch  loading - 169.1 X 10 dyn 6 

2 .  Load pa tch  material 

6 U l t i m a t e  s t r e n g t h  of nylon 4.71 X 10 dyn/cm 

Maximum a l lowab le  material loading = (4.71 x 10 l(96.S) = 454.3 x 10 dyn 

S a f e t y  f a c t o r  2.7 

6 6 

3. Load at tachment  bel tFng (see f i g u r e  12) 

6 U l t i m a t e  load co t ton  b e l t  = 44.5 X 10 dyn 
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Maximum a 

P 

Maximum a l l o w a b l e  l o a d  - P dynes 

l owable  l o a d  b e l t  A = B e l t  R = Be 

6 Bel t  B' = 44. 5 x 10 dyri 

Al lowable  Load 

t A '  = 

6 P = 2(44.5 SIN 80°) + 2(44.5 SIN 6 5 O )  = 168 x 10 dyn 

Figure 1 2 . -  Load attachment belting f o r  S I T  l o a d  p a t c h e s .  
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From t h i s ,  it can be seen t h a t  t h e  load attachment b e l t i n g  i s  w e l l  matched 
t o  t h e  maximum stress developed i n  t h e  PET d u r i n g  p r e s s u r i z a t i o n  However, 
t h e  a n t i c i p a t e d  maximum loading  f o r  each load pa tch  i s  22.6 x 10‘ dyn/cm. 
The re fo re ,  t h e  des ign  provides  a s a f e t y  f a c t o r  of about  7 .  

Thermal Analysis  

I n  NASA TND-115 it i s  shown t h a t  t h e  ra te  a t  which t h e  sphere  absorbs  
d i r e c t  s u n l i g h t  is:  

nD2 
4 
- 

The r a t e  a t  which t h e  sphere  absorbs  solar r a d i a t i o n  which has  f i r s t  been 
r e f l e c t e d  from t h e  e a r t h  is :  

nD2 CSAS a f , (k)  
4 

where : 

ka - (1 + -) k2 (1 - k 2 )  1/21 
2 f ,(k) = - 3k 

and 

The ra te  a t  which t h e  sphe re  absorbs i n f r a r e d  r a d i a t i o n  emi t t ed  by t h e  e a r t h  
i s  : 

f ,(k) 
nDa 1 - a  - 
4 ‘SAE 2 

where : - 

L 

Summing t h e s e  t h r e e  sources  of energy t o  t h e  sphe re  and e q u a t i n g  t h e  sum t o  - 
4 t h e  rate (nD2e oT ) t h e  sphe re  e m i t s  energy, y i e l d s :  

0 

1 - 
f ,(k) A~ 1 - a  1 + a f l ( k )  + - - 

AS 2 
lTD2 nD2e oT4 = 7 CSAS 

0 
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. Solving for t h e  mean temperature  y i e l d s :  

Therefore €f d i r e c t  s u n l i g h t  c o n t r i b u t e s  100 u n i t s  of energy per second t o  
t h e  sphere ( f L r s t  term of t h e  t h i r d  mul tLp l i e r  above) then e a r t h  a lbedo  (second 
t e r m )  c o n t r i b u t e s  about t e n ,  and e a r t h  i n f r a r e d  ( t h i r d  term) about  two. 

EvaluatLng equa t ion  ( 3 )  usLng t h e  v a l u e s  below, 

= 2.00 cal/cm2 minute 
cS 

0 4  u = 5.672 x lo-' ergs/cm2sec K 

A s  = 0.1 

e = 0.03 

Ag = e 

0 

0 

yLelds Table 1 f o r  t h e  mean temperature.  

TABLE 1 

h IC\ 
0.36 0.52 0.85 

4500 115.6 C 118.9 C 125.4 C 

4247 116.2 C 119.6 C 126.6 C 

4000 116.8 C 120.5 C 127.8 C 

It i s  concluded that t h e  s p h e r e ' s  mean temperature  Is around 1 2 0  C and 
dev ia t e s  from 120 C by less than - + 10 C due t o  expected v a r i a t l o n s  i n  h and a. 

It is of interest  t o  examine t h e  s e n s i t i v i t y  of t h e  s p h e r e ' s  mean tern- 
p e r a t u r e  to u n c e r t a i n t i e s  in a l u m i n i z h g  eml t t ance  e .  Three v a l u e s  of e are 
considered5 0.03, 0.04, 0.05 ,  and t h e  r e s u l t s  appear  below. 0 
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- 1/4 
e 0 (T4> (OC)  

0.03 116.2 

0.04 89.7 

0.05 70.5 

4 1/4 I t  is concluded t h a t  (T ) is q u i t e  s e n s i t i v e  t o  v a r i a t i o n  of eo. 
I n  t h i s  r e p o r t  t h e  lower l i m i t  on e for  aluminized PET i s  t a k e n  a s  0.03. 

0 

The temperature  on t h e  sphere  a t  t h e  p o i n t  n e a r e s t  the. sun is glven by 

The emi t tance  of t h e  PET s i d e  of PAGEOS mater ia l  w a s  measured wi th  an  
emissometer. The reading obtained was e = 0.49. 1 ’ . ! n i  ‘ ‘ i i -  r e s u l t  i n  t h e  
expres s ion  for ‘I&, and the p r e v k u s ? y  used vz!ues cf c: c / ’  
As, eo, and A E i n  conjunct ion w i t h  t h e  s tandard  o r b i t  y i e l d s  ss = 129.8 C, 

13.6 C over  t h e  116.2 C mean temperature.  

i 
“ 

The temperature  of a gore  seal i n  the  v i c i n i t y  of a h o t  s p o t ,  assurnlng 
t h a t  t h e  thermal  conduc t iv i ty  of aluminized PET is negl igib!e ,  is  

The r e s u l t  f o r  T is 205.4 C. I f  t h e  previous c a l c u l a t i o n s  were repeated 
us ing  A = 0.12 g a t h e r  than  0.10, T would have been L 2 7 . 7  C. 

S s 

It Ls concluded t h a t  i f  t h e  thermal conduc t iv i ty  u t  ciluminized P E l  were 
zero ,  a seal on t h e  sphere’s  h o t  spo t  would come to  ari equt l ibr ium temperature 
near  200 C. 

The t h e o r e t i c a l  model of a seal analyzed he re  dev ia t e s  i n  some r-espects  
from t h e  true s i t u a t f o n .  (1) The gore  material i s  assumed t o  extend f n f i n -  
f t e l y  t o  t h e  r i g h t  and t o  t h e  l e f t  of the seal considered.  Never the less ,  
t h e  equilibrium temperature  of t h i s  ma te r i a l  a t  any d i s t a n c e  X ,  i n  t h e  absence 
of a seal a t  X = 0, is assumed t o  be the  ho t  s p o t  temperature  . ( 2 )  The 

aluminum d e p o s i t  2300 A t h i ck .  
is assumed t o  be t h e  same as that of bulk aluminum. ( 3 )  The presence  of 0.0127- 
mm adhes ive  between the seal and t h e  gore is neglec ted .  
d f s t r f b u t e s  heat about 25 t h e 8  b e t t e r  than 0.0127-mm PET. Consequently,  
neg lec t fng  t h e  adhesfve introduces an e r r o r  f n t o  t h e  e f f e c t i v e  thermal con- 
d u c t i v i t y  of t h e  seal of l e a s  than  2 per cent. (4 )  I t  is assumed that there 

0.0127 mm alumfnlzed PET used In  both gore and seal is t aken  as ha aving  an  
The thermal conduc t lv i ty  of t h i s  a luminiz ing  

The t h i n  a luminiz ing  
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I s  no temperature varfation w i t h i n  t h e  material i n  t h e  t h i c k n e s s  d i r e c t i o n .  
This i s  not  true a t  the seal edges where t h e  alurninfzing on t h e  seal ends 
abrupt ly .  

The t h e o r e t i c a l  model gives t h e  temperature  a t  t h e  c e n t e r  of the seal a s  
l y i n g  somewhere between 183.3 C and 184.9 C. 

I t  i s  concluded t h a t  t h e  thermal conductance of t h e  a l u m h i z e d  PET can 
lower t h e  temperature a t  the center of a seal on t h e  h o t  s p o t  by as  much as 
20 degrees Ce l s ius ,  compared t o  t h e  case where t h e  e f f e c t  of thermal conductance 

I is assumed t o  be a b s e n t -  

I n f l a t i o n  System 

The i n f l a t a n t  system of a PAGEOS sphere c o n s i s t s  of a mixture  of two 
powdered o rgan ic  compounds, anthraquinone and benzoic a c i d .  
t h e  two i n f l a t a n t  powders t aken  t o g e t h e r  was se t  a t  13-6 Kg. A f t e r  i n f l a t i o n ,  
b u t  p r i o r  t o  vapor l o s s  through v e n t  h o l e s ,  t h e  s k i n  stress d e s i r e d  i n  a 
PAGEOS sphere i s  48.3 x 106 dyn/cm . The gas p r e s s u r e  i n s i d e  t h e  sphere r e q u i r  
t o  give t h i s  s k i n  stress w i l l  now be found. 

The weight of 

2 

The r e l a t i o n s h i p  between i n t e r n a l  gas p r e s s u r e  and s k i n  s t ress  i s  
p = 2 S t / r .  For t h e  PAGEOS sphere 

6 2 S = 48.3 x 10 dyn/cm 

t = 0,0127 mn 

r = 15.2 m 

2 Consequently, t h e  r equ i r ed  gas  p r e s s u r e  p i s  80.71 dyne/cm . 
An expres s ion  f o r  t h e  vapor p r e s s u r e  p 

of temperature is given i n  NASA-TND-2194 as 

of anthraquinone as  a f u n c t i o n  
V 

152 06 
T 8 n pv = 40,145 - 

Here his t h e  vapor p r e s s u r e  expressed i n  dyn/cm2 while  T i s  t h e  temperature  
i n  degrees K. 
s t i t u t e d  f o r  T f o r  t h e  reasons d e a l t  w i th  below. 

The c o l d  spo t  temperature ,  Tcs, on a PAGEOS sphere w i l l  be sub- 

A f t e r s p h e r e  i n f l a t i o n  (any e f f e c t  of v e n t  h o l e s  i n  t h e  sphere is  n o t  
considered h e r e )  n o t  a l l  of t h e  anthraquinone i s  vaporized;  anthraquinone 
vapor will e x i s t  i n  e q u i l i b r i u m  w i t h  t h e  s o l i d .  
anthraquinone near t h e  sphere h o t s p o t  w i l l  subllme, move across t h e  sphere,  
and condense on t h e  c o o l e r  s u r f a c e  of t h e  sphere. I n  what fo l lows  It i s  
assumed t h a t  t h e  sphere i s  i n  p o l a r  o r b i t  and t h a t  t h e  c o l d e s t  s p o t  on t h e  
sphere does n o t  change p o s i t i o n  i n  t i m e ,  i.e., that PET which 1s t h e  coldsst 
a t  s o m e t h e  Ls  t h e  c o l d e s t  f o r  a l l  t i m e .  Eventual ly ,  i t  is expected that a l l  
s o l i d  an th r rqu lnone  will end up near t h e  c o l d e s t  s p o t  of t h e  sphere.  

I t  i s  expected t h a t  s o l i d  
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The pressure of anthraquinone gas in t h e  PAGPOS sphere is expected t o  
be t h a  same as t h e  vapor  p r e s s u r e  of anthraquinone a t  t h e  co ldspo t  t m p e r a t u r e  
of t h e  spnere.  mere i s  t h e  q u e s t i o n  as t o  w h a t  t h i n  co ldspo t  temperature  is. 
A seal on t h e  co ld  s i d e  of t h e  sphe re  cannot be c o o l e r  t han  an  a d j a c e n t  go re  
s i n c e ,  f f  it WAS coo le r ,  anthraquinone would condense on t h e  s e d .  This would 
change t h e  emi t t ance  of t h e  aluminized e e a l  from 0.03 t o  that of anthraquinone. 
'Ihe e m i t t a n c e  of anthraquinone,  measured w i t h  an  emissometer, is above 0.47 
which i s  comparable w i t h  t h e  emittance of t h e  PET Sorming i n s i d e  of a gore.  
Consequently t h e  s a l  would be expected t o  become i n d i s t i n g u i s h a b l e  i n  thermal 
p r o p e r t i e s  from t h e  surrounding go re  and t h e r e f o r e  come t o  the same tempera- 
t u r e  a s  the surrounding gore. 

The expres s ion  for t h e  co ldspo t  temperature Tcs of a PAGEOS sphere i n  

i t s  launch o rb i t  Fa obtained by neg lec t ing  terms a s s o c i a t e d  w i t h  d i r e c t  and 
i n d f r t c t  s u n l i g h t ,  i.e. e a r t h  albedo. 

The r e s u l t  is: 

The v a r i o u s  q u a n t i t i e s  i n  t h e  expression above are g i v e n  
b e l O W .  

ei = 0.49 

e = 0.03 
0 

-1/4 
T4 = 381-7K 

CS/a = (396.0 K) 4 

k = 0.6 

a = 0.36 

Ag = e = 0.03 

As = 0.12 

0 

The r e s u l t  for Tcs is 376.1 K or 102-9 C. 

When t h e  previous va lue  for T is s u b s t i t u t e d  i n t o  
t h e  vapor  p r e s s u r e  p of anthraquinone,  one o b t a i n s  p = cs 

V V 

t h e  values shown 

the expres s ion  f o r  
0.75 dyn/cm2. 

The an th raqu inonr  g a s  prossu ra  i n s i d e  I PAGEOS sphore w i l l  e q u a l  p = 0.75 
dyn/cm2 provided that entmgh s o l f d  anthraquinone fs I n i t a l l y  p u t  iXto t h e  
sphere. The minimum amount r e q u i r e d  was camprted assuming that t h e  vapor  obeys 
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the perfect gas law, us a8lrmptton whfch $a n e a r l y  true a t  the low preseurew 
dealt wfth hem, ard tha T derived above. Consequently, 0.356 moles are 
required.  Blnca the moladfrr w8fght of anthraquinone is 208.2, 0.356 moles 
corresponds t o  74 grams. k&ch more than 74 grams of s o l i d  anthraquinone was 
t o  be i n s e r t e d  into a P A O W  iphere .  Consequently, t h e  p o r t i o n  of t h e  tola1 
gas p res su re  fn the iph8re m u s e d  by t h e  anthraquinone was 0.75 dyn/cm2. 
p o r t i o n  of the t o t a l  gae p r e s s u r e  caused by benzoic a c i d  will be computed 
next. 

2 

"he 

The t o t a l  g a s  presau rc  fns fde  a PAGEOS sRhere i s  t o  be 80.71 dyn/cm . 
Since  an th ra  ufnone c o n t r i b u t e s  0.75 dyn/cm2, , t h e  benzoic a c i d  must c o n t r f b u t e  

greater than or equal t o  70.79 dyn/cm2 w i l l  be i n v e s t i g a t e d  f f r s t .  An expres-  
s i o n  f o r  t h a  vapor pressure of benzoic a c i d  a s  a f u n c t i o n  o f  temperature  1s 
given in NASA--2194 as 

79.79 dyn/cm 9 . The q u e s t i o n  of whether benzoic acFd has  a vapor  p r e s s u r e  

8223 - cPn p, = 29.595 - T O  ( 7 )  

2 Here pv is the vapor p r e s s u r e  of benzoic  a c i d  expressed i n  dyn/cm , and T i s  
t h e  temperature f n  deg rees  IC. S u b s t i t u t i n g  t h e  coldspot  temperature 
(Tcs = 376.1 IC) i n t o  t h i s  expres s ion  r e s u l t s  i n  a pv = 2275 dyn/cm . 2 

A l l  of t h e  benzoic a c i d  pu t  i n t o  a PAGEOS sphere subllmes i n t o  t h e  vapor 
phase soon a f t e r  sphere i n f l a t i o n ,  a t  which  t i m e  t h e  benzoic a c i d  gas p r e s s u r e  
is t o  be 79.79 dyn/cm2. 
gas  l a w ,  which is n e a r l y  true a t  t h e s e  low p r e s s u r e s ,  and s i n c e  t h e  benzoic 
a c i d  vapor is i n  c o n t a c t  wfth a l l  p o r t i o n s  of t h e  sphe re ,  i t  seems n a t u r a l  t o  
t a k e  t h e  mean temperature of t h e  sphere (108.5 C >  as t h e  temperature  of t h e  
benzoic a c i d  vapor r a t h e r  than t h e  co ldspo t  temperature  (102 .9  C) .  Computing 
36.8 moles are required.  S ince  t h e  molecular weight of benzoic a c i d  is 122.12, 
t h e  benzoic a c i d  waight r equ i r ed  i s  4.50 Kg. 

Assuming that t h e  benzoic a c i d  vapor obeys t h e  p e r f e c t  

SLnce 4.S Kg of benzofc a c i d  are r e q u i r e d ,  and s i n c e  t h e  t o t a l  i n f l a t a n t  
weight i s  f k e d  a t  13.6 Kg, 9.1 Kg of anthraquinone should be put i n t o  a 
PAGEOS sphere. 

The graph which fo l lows  ( f i g u r e  13) i n d i c a t e s  how much t h e  s k i n  s t ress  
can d e v i a t e  from 48.3 x lo6 dyn/cm2 due t o d t h e r  an  e r r o r  i n  t h e  number of 
kilograms of benzoic a c i d  placed i n s i d e  t h e  sphere or  t o  an  e r r o r  f n  t h e  t e m -  
p e r a t u r e  of t h e  benzoic a c i d  vapor. No e r r o r  i n  t h e  co ldspo t  temperature  
1s  allowed for f n  t h i s  graph. Consequently, t h e  p o r t i o n  of t h e  s k i n  stress 
caused by t h e  anthraqufnone vapor (45.5 x lo4  dyn/cm2) Is c o n s t a n t  i n  t h e  
graph which f 01 lows. 

Chemfcal Treatment 

During t h e  f a b r i c a t i o n  of t h e  s t a t i c  i n f l a t i o n  t e s t  p ro to typ r  sphe re ,  
i t  w a s  discovered t h a t  t h e  alliminized PET would adhere t o  i t se l f  and form a 
bond s t ronge r  than t h e  m a t e r i a l .  A t t e m p t s  t o  separa te  t h e  m a t e r i a l  caused 
i t  t o  t e a r .  S i x  t o r n  areas were discovered d u r i n g  i n s p e c t i o n  of t h i s  sphere 
prior t o  shipment,  and t h r e e  a d d i t i o n a l  discovered du r ing  e r e c t i s n .  One 
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area remained undetected u n t i l  i t  was discovered  d u r i n g  t h e  f a i l u r e  a n a l y s i s  
o f  t h e  ruptured sphe re ,  

Adhercitd areas o f  the type  discovared could cause a c a t a s t r o p h i c  r u p t u r e  
of  a deploying I n f l a t a b l e  sphe re  i n  a space environment,  The re fo re ,  i t  was 
necessary t o  t a k e  c o r r e c t i v e  a c t i o n  t o  p rec lude  blocking i n  t h e  f l i g h t  a r t i c l e  
sphe res .  I t  was decided t h a t  t h e  PET be chemica l ly  t r e a t e d  w i t h  a s o l u t i o n  of 
Freon' and a c a t i o n i c  d e t e r g e n t  t o  e l i m i n a t e  s u r f a c e  adhesion.  
t o  be promising i n  small-scale l a b o r a t o r y  tes ts ,  and accord ingly  a s tudy  of 
t h i s  technique,  and d e s i g n  and c o n s t r u c t i o n  of a machine which could t r e a t  t h e  
PET was undertaken. 

This  appeared 

Material was t r e a t e d  w i t h  53 p a r t s  p e r  m i l l i o n  (pprn), a c t i v e  i n g r e d i e n t s  
of t h e  c a t i o n i c  d e t e r g e n t  i n  Freon-TF. A t r ea tmen t  t h re sho ld  l e v e l 2  of 35 ppm 
was found and m u l t i p l i e d  by 1.5,  r e p r e s e n t i n g  a 50 pe r  cen t  s a f e t y  f a c t o r  added 
t o  this t h r e s h o l d  level.  The r e s u l t i n g  va lue  of 5 2 . 5  was rounded t o  53. Th i s  
i s  equ iva len t  t o  200.6 m i l l f l € t e r s  of t h e  c a t i o n i c  d e t e r g e n t  i n  every 3 .785  
l i t res  of Freon-TF. 

I t  was found by s t a t i s t i c a l  a n a l y s i s  t h a t  t r e a t i n g  by a 24-hour soaking 
method does no t  s i g n i f i c a n t l y  degrade t h e  t e n s i l e  s t r e n g t h  of t h e  material i n  
t h e  machine d i r e c t i o n ,  b u t  i t  e i g n i f i c a n t l y  degrades t h e  seam c r e e p  p r o p e r t i e s .  
The average degrada t ion  i d  0.033 mm w i t h  a 90 p e r  c e n t  confidence l e v e l  t h a t  
it does not exceed 0,061 mm. 

The r e v e r s e  r o l l  method u l t i m a t e l y  used i n  t h e  des ign  of t h e  machine does 
n o t  s i g n f f F c a n t l y  degrade the material t e n s i l e  s t r e n g t h  before  and a f t e r  
thermal shock, f l e x u r e ,  o r  impact, Ne i the r  d i d  i t  a f f e c t  t h e  a l u m i n u m  adhesion,  
r e f l e c t a n c e ,  s g e c u l a r i t y ,  r e s i s t i v i t y ,  or t h e  resu l t s  of thermal vacuum, seam 
c reep ,  or seam peel tests.  

Table No. 2 e n t i t l e d  "Summary of Q u a n t i t a t i v e  Analyses" summarizes t h e  
s t a t i s t i c a l  conclusions.  

DESIGN TESTING 

S t a t i c  I n f l a t i o n  T e s t  

The PAGEOS s t a t i c  i n f l a t i o n  tes t  w a s  conducted a t  t h e  Naval A i r  S t a t i o n ,  
Lakehiirst, New J e r s e y ,  i n  a large d i r i g i b l e  hangar t o  prove t h e  q u a l i t y  of 
d e s i g n ,  material, and f a b r i c a t i o n  methods used i n  t h e  end-item o r b i t a l  sphere.  
I n  such a t e s t  many d i f f i c u l t i e s  are  encountered in a t tempt ing  t o  d u p l i c a t e  
t h e  environment i n  which t h e  s a t e l l i t e  m u s t  f u n c t i o n ,  as t h e  end i t e m  s p h e r e  - 

du Pont Dl Reg i s t e red  

t o  el frninate blocking.  
%"hreshold level means t h e  minimum t r ea tmen t  bath c o n c e n t r a t i o n  l e v e l  required 
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When t h e  segment w a s  secured t o  t h e  f l o o r  and i n f l a t e d  enough t o  j u s t  
lift it off t h e  f l o o r ,  it had about  a 13.7- t o  15.2-meter r ad fus .  T h e r e a f t e r ,  
as pressure w a s  increased,  t h e  e q u i v a l e n t  sphere r a d i u s  cont inued t o  d e c r e e s e  
a s  t h e  segment r o s e  h ighe r .  I n  o t h e r  words, w h i l e  "C" i n  t h e  a d j o i n i n g  ske tch  
remain8 c o n s t a n t ,  TI'' f s  fnc reas ing ,  By knowing C and h ,  t h e  equfva len t  sphere 
r a d f u #  can be approxfmated by usfng t a b l e s ,  f f  t h e  arc is assumed to be a por- 
t f o n  of a sphere.  

R 

With t h e  sphere r a d i u s  determfned, t h e  skin stress Ln t h e  segment can 
be computed from t h e  r e l a t f o n s h i p ,  S = p r / 2 t .  l h i e  i s  t h e  formula f o r  skin 
stress f n  a thin-walled sphe re ,  but  it a l s o  ho lds  true f o r  a segment of a.ephere. 
It is recognized that t h e  segment may n o t  be e x a c t l y  s p h e r i c a l ,  t h e r e f o r e  t h e  
s t r e s s e s  w e r e  lower a t  the  t o p  than  on the periphery.  

Extensometers w e r e  placed on t h e  segment s k i n  t o  o b t a i n  a rough measure 
of s k h  e longa t ion  under pressure.  
when taped on a r e l axed ,  uns t r e t ched  materfal, permits  readfng d i r e c t l y  t h e  
percentage i n c r e a s e  i n  l e n g t h  of t he  material. ?he f n i t f a l  r e l axed  l e n g t h  
i n  t h f s  case w a s  30.48 cm. One extensometer w a s  taped on a seal, one on a 
gore,  and one perpendicular  t o  t h e  f f r s t  two a c r o s s  one seal. Readfngs w e r e  
recorded a t  each p r e s s u r e  i n t e r v a l .  

An extensometer i s  a simple device,  which, 

A black ink mark w a s  placed on several but t  j o in t s  and seals p r i o r  t o  
t e s t t n g .  Any s e p a r a t i o n  or c reep  of t h e  tape s a l 8  would show as a v i s i b l e  
l h e  appearing i n  t h e  fnk mark. 

-3 2 The segments w e r e  p re s su r i zed  wf th  increments of 0.5 x 10 dyn/cm , 
holding 5 minutes a t  each level un tL l  2.5 x dyn/cm2 w a s  reached, ThLs 
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w a 8  he ld  for om h a  and tham t h e  presmre was a p h  heraassd h e m m e r t a l l y  
0.5 x l W 3  d p / m f ,  hold- 5 d n a t s a  a t  u c h  level u n t i l  r u p t u e  occurred, 

During tb tests, ths a -4% @f tb 8 e m n t S  W a s  g d -  The 8IUf8- 
rspechlly at the of the a l rmfnf red  PET was axtrammly r e f l c c t i r a  and smooth 

BTpaptrpre, 
the d u c t  junutfon.  

h f g b r  pre re r r ee .  A l l  ssgments rsached 1103 x I O 6  dyn/cm 1 s k i n  atrasr k f o r a  
Neither of the two d i c t  segments f o l l e d  i n  the d i r e c t  reg lon  of 

'Iha seals revea led  m o l g n s  of any adhes ive  c reep  o r  sepratlm in the 
butt j o h t .  

2 
The p o l a r  cap sa 0 had mo duets a t tached .  A crack La o w  gore  occurred 

about 46 to 50 aa frm the po la r  c a p  cut-out a t  EI p~aosure of 6.5 x l W 3  d p / m  , 
but went m l y  QI far as the edge of t h e  tepa on t h e  BCMPIL on e i t h e r  side. 
occurred  whare a smnll ho le  w a s  observed esrller in the test, and r e p f r e d  wl th  
a small p l s c e  of pre8estn-e~ maaeft ive taps. 
of 7.5 x l W 3  dyn/cm2. 
force t o  completely sever both  Laatr and outer pole  cape. S ince  t h e  radlus 
was 4.14 m h s e d  on 69 cm hefgh t ,  5h" stress waa 1220 x 106 dyn/cm*. Ihe skln  
StreeS &t P PrtBSurP, Qf 6 ~ k 8  X 10- dyn/cm2 (at wbkh t h e  c rack  ln t h e  gore 
occurred)  was 1131 x lo6 dya/cm . 

It  

"lis segment ruptured  a t  a preesu re  
It proceeded from tBee hltial crack  and had enough 

This e lde  duct eegmant d l d  not s u f f e r  any premature breaks as d i d  t h e  
2 po la r  cap segmmts, b u t  b u r e t  CptastrophLcally a t  a pres su re  of 7 x 

and a hefgh t  of about 74 Q. 
dyn/cm2 skin s t r e r e ,  The burst occurred down t h s  c e n t e r  of a gore, 

dyn/cm 
Thls is q u l r a l e p l t  to approximately 1100 x lo6 

The n o r t h  duc t  segment burst lengthwise LR the c e n t e r  of a gore  a b m t  
46 ea from the d u c t  joac t fon  a t  a pressure  of 6.2 x 10-3 dyn/cm2 and a he lgh t  
o t  ~ b m t  63 cm. 
pratitiiiie. 
t h e  duct ,  This upward f o r c e  added a strass of 175 x lo6 dyn/cag to t h e  slagle- 
th lckneas  BBT h e d l a t e l y  surrounding t h e  duc t  junc t ion .  

 his is equal t o  1020 x 106 c~yn/r-n* sktn strcsa due t o  i n t a r n a l  
A t  the t h e  of brrrst, a 72,6 Eg upward p u l l  was befn exe r t ed  OLL 

, a foree of upwrrd force 
(duc t  refaforcement per larater)  ( t h fckness )  

1195 x 10' dyn/cm2 (1020 + 175) was befng exe r t ed  l n  the c r i t f c a l  ama near  t h e  
duc t  f a s t en ing .  

A s l i g h t  s e p a r a t i o n  of one of t h e  p l a a t s  ln t h e  duct faetmlng was no t i ced  
a t  a preseure of 4.5 x lom3 dyn/cm2, but there war no l eak  and no-fur ther  8sp.r.- 
t l o n  occurred. The f l n a l  m p t u e  d ld  not occur  near t h i s  s e p r a t l o n .  

A l l  t h r e e  segments demonatrated a very smapth and reflective s u r f a c e ,  f r a  
the mter edge r i g h t  up t o  the dmct jamctlon. This is i n d l c a t l v r  of proper  
c u t t i n g  and f a b r l c a t  L o n  techniques. 

The adhas lve  used in t h e  duc t  work w l t h s t m d s  h igh  pee l  and ahear  load8 
w i t h a u t  c reep  or sapa r r t fon .  
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6 The 445 X 10 dyn tes t  l i n e  used i n  t h e  n o r t h  d u c t  was adequate  t o  r e t a i n  
t h e  hoop stress set up a t  t h e  duc t  j u n c t i o n .  

The scrim material used as duc t  re inforcement  d i d  not  tear  or  s t r e t c h .  

The m a t e r i a l  from which t h e  d u c t s  were f a b r i c a t e d  withstood t h e  tes ts  
without  any i n d i c a t i o n s  of s e p a r a t i o n ,  bulges ,  o r  b u t t  seal s e p a r a t i o n .  

I t  was concluded from t h e s e  segment t e s t s  t h a t  t h e  d u c t  c o n f i g u r a t i o n s  
were f u l l y  adequate  for  use  on t h e  PAC;M)S s t a t i c  i n f l a t i o n  t e s t  sphe re .  

I n f l a t i o n  test.-The PAGlWS sphe re  was e r e c t e d  and i n f l a t e d  by f o r c i n g  --- 
a i r  i n t o  t h e  sphe re  t o  produce va r ious  p r e s s u r e  l e v e l s  from 48 x l o6  dyn/cm2 
(1.13 X dyn/cm’), where t h e  sphe re  rup tu red .  

The p o l a r  diameter  was o r i e n t e d  v e r t i c a l l y  and t h e  bottom of t h e  sphe re  
was maintained about 3.7 m from t h e  f l o o r .  Once i n f l a t e d ,  t h e  sphe re  was 
maintained i n  i t s  l o c a t f o n  by 14 tie-down l i n e s  evenly spaced about t h e  sphere.  

The i n t e r n a l  p r e s s u r e  of t h e  sphe re  w a s  read d i r e c t l y  on two i n c l i n e d  
manometers and recorded on a p r e s s u r e  r e c o r d e r ,  connected t C J  t h e  sphe re  by a 
18-m long, 1 . 2 7 - c m  i . d . ,  f l e x i b l e  tube .  A p r e s s u r e  c o n t r o l l i n g  u n i t ,  wi th  
a pneumatic output  connected t o  t h e  a i r  d e l i v e r y  system, maintained t h e  proper 
p r e s s u r e  i n  the  sphere,  once reached. A l<irge fan  d e l i v e r e d  a i r  a t  room 
temperature ,  o r  s l i g h t l y  warmed, through a duc t  a t  t h e  bottom of t h e  sphere.  
Supp l i e s  of h e l i u m  and carbon dioxide were mairitained a t  t he  mouth of t h e  f a n  
i n t a k e  t o  provide a way of a d j u s t i n g  the  l i f t  should t h e  s i t u a t i o n  require.  
4 v a l v e ,  s i t u a t e d  above t h e  sphe re  and ope rab le  by remote ground c o n t r o l ,  
could be used t o  a l low warm a i r  o r  helium t o  pass from t h e  sphe re  upward 
through a duc t  jo ined  t o  t h e  t o p  of t h e  sphe re  i f  excess  l i f t  developed. H e l i u m  
and w a r m  a i r  ColJld be added t o  t h e  input  duc t  when t h e  sphere b e c a w  heavy. 

A large canopy suspended from the  hangar c e i l i n g  p r o t e c t e d  t h e  sphe re  
du r ing  the  S t a t i c  I n f l a t i o n  T e s t .  

When t h e  sphe re  was nea r ing  completion of i n i t i a l  i n f l a t i o n  a t  t h e  SIT,  
i n spec t ion  of  t h e  sphere s k i n  revealed t h r e e  ho le s .  Two were small, about 
2 . 5  cm, and t h e  t h i r d  was about 38 cm long. These ho le s  were a t t r i b u t e d  t o  
adhesion and c a r e f u l l y  patched wi th  meta l ized  PET t a p e .  

P res su re  t e s t i n g  was i n i t i a t e d  a t  4 8  x l o6  dyn/cm’ s k i n  s t ress  and in- 
c r eased  i n  s t ep - fa sh ion  u n t i l  t h e  sphere b u r s t  a t  690 Y l o 6  dyn/cm‘. 
a f t e r ,  the  sphe re  was i n v e s t i g a t e d  a t  t h e  t es t  s i t e  t o  determine probable  
causes and a r e a s  of i n i t i a l  f a i l u r e .  The s u s p e c t  areas were c u t  from t h e  
sphere f o r  f u r t h e r  s tudy .  

There- 

Thermocouples were placed o u t s i d e  a n d  i n s i d e  t h e  sphere.  The thermo- 
couples, connected t o  a 12-channel temperature  r e c o r d e r ,  gave a cant inuous 
p i c t u r e  of the temperature c o n d i t i o n s  i n  and around t h e  s p h e r e ,  
ture Information was used t o  a n t i c i p a t e  t h e  need f o r  added or decreased l i f t  
I n  t h e  sphere, 

The tampera- 
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Sphere diameter :  The o b j w t i v e  of t h i s  test w a s  t o  Seeermine t h e  
e q u a t o r i a l  and polar bliawteP sf t h e  t e a t  sphere a t  variou63 p r e s s u r e  Bevels. 
It w a s  r equ i r ed  t h a t  t h e  i n f l a t a b l e  spheres  be 30.48 meters i n  diameter  
? 0 . 5  per  c e n t  as measured a t  t h e  s t a t i c  i n f l a t i o n  t e s t .  The polar d iameter  
and t h e  average e q u a t o r i a l  d iameter  were t o  be equal  w i th in  t h i s  t o l e r a n c e  
a t  least  one t i m e  between 48 X BO and 689.5 x 10 6 6 dyn/cma s k i n  stress. 

The p o l a r  d iameter  w m  mcsksmed by a 1.27-cm wide, 0.127-rn t h i c k ,  PET 
t ape  which was suspended %ram t h e  top of  he sphere ,  through t h e  i n s i d e ,  and 
o u t  t h e  bottom duct  a€ t h e  sphere .  A 624-gm weight f a s t ened  t o  t h e  t a p e  a t  
t h e  bottom maintained uniform t ens ion .  "he p o l a r  diameter  w a s  t h e  numerical  
average of t h e  r ead ings  of f o u r  people who each made independent readings  
of the  t ape .  

It  w a s  found t h a t  t h e  624-gm weight appl ied  eo t h e  end of t h e  t a p e  
s t r e t c h e d  it approximately 2.54 CEI i n  30.43 meters. Consequently,  t h e  p o l a r  
d iameter  of t h e  sphere  was a t  all t imes  2.54 c m  g r e a t e r  than  t h e  t a p e  ind ica t ed .  

Eight t h e o d o l i t e s ,  spaced evenly about t h e  sphere ,  were used t o  measure 
t h e  e q u a t o r i a l  d iameter  sf t h e  sphere. To provide  high v i s i b i l i t y  l o c a t i o n  
p o i n t s  on the e q u a t o r i a l  d iameter  of the sphere,  e i g h t  whi te  polyurethane 
C O ~ S  with 1,.2?-cr! digmeter oran60 0- halls ----- a t  the z p e x  were attached to t h e  
equator .  P r i o r  t o  f a s t e n i n g  t h e  cones t o  t h e  t e s t  sphere ,  they were a c c u r a t e l y  
measured from t h e  base to t h e  c e n t e r  of t h e  b a l l s .  A l l  t h e o d o i i t e  o p e r a t o r s  
were f u l l y  q u a l i f i e d  o p e r a t o r s ,  being e i t h e r  r e g i s t e r e d  eng inee r s  o r  r e g i s -  
t e r e d  land surveyors .  

I n  computing e q u a t o r i a l  d iameter ,  t h e  engineers  used a g r i d  coord ina te  
system. 

y3 Coneider t h e s d o l l t e  8 t a t i . o ~ ~  2 and 3 w i t h  coord ina te s  X p ,  Y2, Xg, 
respactivciy in t h e  d h g ~ ~ ~ ~ i  below. 

D 

N 

30,6833 IQ 
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b c h  inr t rumnnt  s f g h t r  a t h e  scr ibed  b r a s s  p l a t e  of t h e  o t h e r  fnrtrument.  
?bo l o o h  a t  three and r e t e  270° 00' 00" om th. angu la r  rcala; t h r e e  lookr 
a t  two and ut8 90° 00' 00" on tha  angular  rcale. Two and t h r a e  u c h  then  
t r ack  cone D, and, on th. c o u n d  given from t h e  c o n t r o l  c e n t e r  ovmr tele- 
phone h u d a e t r ,  they r t o p  t r a c k i n g  and racord  t h e  azimuth angle .  
ang le  of line 2-D in the above rkatch L8 a and t h e  a r h t h  ang le  of l ina  3-D 
f a  p. Ihe a n g l e  a t  b than i r  0 = 180 - (90 - p )  - (a - 270). 

of sfnor, t h e  l eng th  of l f n e  2 4  eqwlr L = sin(90-B), th.n, the 

c o o r d f m t a s  of po fn t  D an t h e  g r i d  sj8t.r are X,, - X2 - L r i n  (360 - a), 
and 5 = Y2 + L cor  (360 - a). 
coord ina te r  of a racond po in t ,  H, i r  r h u l t a n e o u r l y  determined. 
D, i r  t han  computed f r o a  the c o o r d f u t e r  by t h e  equat ion ,  D i a m a t e r  

"he a x h t h  

Prom t b  l a w  
30,6833 

(P 

On the  oppos i t e  r i d e  of t h a  rphere ,  t h e  

The diametar ,  

A graph ( f i g u r a  15)  i l l u r t r ~ t e s  the  d iameter  msasuremants ar eoaputesd 
a t  uch p n s r u r e  lavel. The polar diameter was found t o  be s l i g h t l y  l e a s  
than  t h e  e q u a t o r i a l  d h u t e r  except  a t  4ha b a g h n f n g  of t h e  5-haerr 275.8 x 

-6 2 lu iynicm test. Harq, the polar diameter wau s m i e w b t  girmtcc ttait the 
e q u a t o r i a l ,  i n d i c a t i n g  tht i f  lfner at .  drawn t o  connect  po in t e ,  they w i l l  
c r o r s  sou*ere before  t h a  275.8 x lo6 dyn/lcm2 level and wi th fn  the 30.48 
meters + 5 per c e n t  des i red .  - 

S u a  c n a p t  The objectfve of t h f r  tsstms t o  ascertain whether or no t  
the s ing le - t ape  s u l  permft ted any creepfng apart of t h e  two goras which w e n  
bu t t ed  t o g e t h e r  a t  the o u t a r  of t h e  aemm, 

The ream c reap ,  f f  m y ,  c m l d  ba detectad i n i t i a l l y  by the  a p p u r a n t m  
of a br ig t i t  1Lae in t h e  c e n t e r  of the black ink  spo t  whlch was placed om u c h  
b u t t - j o i n t  a b a u t  6 m from tb mouth pole, 
t h e  e x t a n t  of  such asparatLon could b. d e t e m f n a d  by p lac ing  a calibrated 
loupe on th. ink rpo t ,  and maarurfng the width of t h e  bright line. 

I f  an i n d i c a t i o n  of c reep  e c a w m d ,  

S inca  no s u m  c n e p  war noted durfng the t a r t  o r  in the  portrrrpture  
h p e c t i o n ,  it war concluded that s s r i l hg .p rocedures ,  temperatarea,  and 
q u a l i t y  of adherim we= e a t i s f a c t o r y ,  m & t o q  c reep  ter t r  ( p . r f o r n d  
a t  138 x lo6 dyr/cm2 skin otters a t  150 C) r e s u l t e d  i n  no craep  and t h a r e f o r e  
none war axpected on t h a  test r p h m .  

Dc co8tinuity-a The o b j e c t i r r  of t h e  dc c o n t i n u i t y  check was t o  &termfne 
the a f f e c t i ~ n a s r  of t h e  c o n t i n u i t y  r t r i p  loca t ed  on tha sphere polar arean. 

A wltuter wi th  f la t ,  c i r c u l a r  b r a s s  c o n t a c t s  waa a p p l i d  a g a i n r t  t h e  

A t  f i r r t  t h e  cos~tmctr  Vera placed fn the c e n t e r  of t h e  two gorer  
r p b n  rkfn. 
the duct. 
aaro6r w b 8  rtul rum tb. elactricrl comdutivi ty  was t o  be m u m r e d .  
war found, hamvet, t h a t  tha n r f r t m c e  La mort cases war f n f f a f t r .  7%. 
c o n t a c t s  w a r e  than p h a d  a8 shown i n  t h e  sketch below, and more murr ingful  
readings w e r e  obtained. 

Tha coatactr were mda a t  the s o m a  pole  a r u  a b m t  6 1  c m  f r a  

It 
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CONTACTS 

Resis tance  measurements p r i o r  t o  bu r s t  varied from 1 t o  200 ohms, but  
most w e r e  In t h e  range of 50 t o  100 ohms. A s  p re s su re  ieve l  Lncreased, t h e  
average r e s i s t a n c e  r ead ings  seemed gene ra l ly  t o  decrease .  Th i s  was probably 
because the  smoother and f i rmer  sphe re  s k i n  allowed b i t t e r  e lec t r ica l  c o n t a c t .  
A f t e r  r up tu re  of t h e  sphere  t h e  r e s i s t a n c e  wa5 Senera i ly  h ighe r ,  i n  t h e  range 
of 50 t o  300 ohms. 

Appearancer The genera l  appearance of t h e  sphere  was very good. The 
t a p e  s e a l s  were smooth and even, and not  r e a d i l y  d e t e c t a b l e  F r o i n  a d i s t a n c e ,  
p a r t i c u l a r l y  when t h e  sphere was a t  t h e  h ighe r  p re s su re  l r v c  , q .  A few s m a l l  
w r ink le s  were e v l d e n t  i n  t h e  s k i n  a t  i n i t i a l  i n f l a t i o n  and .it 48 x lo6  dyn/cm2 
skin s t r e s s .  These all disappeared ,  however, as  t h e  p r e s s u r e  w a s  lncreased  
t o  137.9 x lo6 dyn/cm2. 

A ring of  r e l a t i v e l y  loose  material was ev iden t  on t h e  t o p  s i d e  of t h e  
sphere.  The r i n g  w a s  abou t  3.048 meters In diameter  and concen t r i c  w i t h  
t h e  n o r t h  p o l a r  duct.  This d i c t a t e d  a minor t o o l i n g  adjustment .  

Sphere rupture8 The sphere  b u r s t  a f t e r  be ing  a t  b 9 0  x lo6 dyn/cm2 s k h  
otreao fcv approximately 5 mfnutes. 
burs t  was tn eaal 24, between gore 2 4  and 25.  The evidence LndLcated that 
tho ruptuge was caused by a small tuck  or  under lap  of a gore  j u e t  under the 

It is be l i eved  that t h e  p o i n t  of i n i t i a l  

edge Qf thr tape. 
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ACCEPTANCE TESTING 

A test Program woe inctituted to insure high reliability and structural 
integrity of @ll the component8 use4 in the manufacture of the eghereo, ga 
well as their ~ o n f ~ m a n c ~  $0 the design and functional requirements, and t~ 
measure Q rarfafi OC aritical characteristics for the varloue componenta, The 
testing prwadures iCmulated the methods, tooling, and design utllieed i n  
the normal pro4uctfon routine. Table 3 identifies characterfatics and their 
respeattve ecceptsnce criteria,  Test results of variables characteristfgs 
inoluding computed rsmple means and standard deviations are unbiased estimates 
o f  the population means and standard deviation. 
sample mean and standard deviation for each critical characteristic by sphere 
number. Grand calculated means and standard deviations are also shown, These 
values are estimates of the characteristic parameters of the PAGEOS material 
and seals for all six spheres. 

Table 4 shows a computed 

Manufacturing repairs are tabulated by sphere number in Table 5 and are 
categorized by material and seals. 

In the case of attributes characteristics, the fractions of failure 
(fraction defectives) are calculated for each sphere and the results appear 
i n  Table 6. 

TABLE 4.- VARIABIE CHARACTERISTICS TEST RESULTS (Metallzed PET) 

SAMPLE THREE STANDARD 
STANDARD DEVIATION LIMITS 

SPHERE SAMPLE- DEVIATION L_oweR UPPER 
EMRACTERXSTXC NUMBER WEAN ( X I  Lo) (x-30) (Z 

Tensile Streqth 1 1924 2m 1054 2794 
(dydcol2 x 19 ) 2 1841 276 1013 2669 

9 .  1751 241 1028 2474 
4 1806 290 936 2676 
5 1848 303 939 275V 
6 1848 270 1020 2676 

(1-6) 1834 2 98 946 2722 

Tensile Impr t* 
(dyn-om x 10 1 c 1 9.91 3.26 0.13 19.69 

2 7.36 1.73 2.17 12 * 59 
3 8.80 1.64 3.88 1 3 9  72 
4 9.18 2.20 2.58 13 78 
5 9.81 2 . 9 7  l .50 18.i2 
6 9.32 2.54 1.70 11.94 
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TABLE 4.- VARIABLE CHARACTERISTICS TESTS RESULTS (Metalized PET)(Concluded) 

SAMPLE THREE STANDARD 
STANDARD DEVIATION LIMITS 

SPHERE SAW=- DEVIATION YPPER 
MBAN ( X I  ( a) (x-30) ( x  +3a) CHARACTERISTIC NUMBER 

Reflectance (S,) 1 89.1 0.4 87.9 90.3 
2 89.1 0.6 87.3 90.0 
3 89.1 1.1 85.8 92.4 
4 89.3 1.3 85.4 93.2 
5 89.0 0.4 87.8 90.2 
6 89.3 1.0 86.3 92.3 

(1-6) 89.2 1.1 86.1 92.5 

1 . 1972 283 1131 282 1 xnermai Shock 
(dyn/cm2 x lo6) 2 1820 255 1055 2585 

3 1765 221 1102 2428 
4 1793 200 1193 2393 
5 1875 207 1254 2496 
6 1793 186 1235 2351 

_. 

(1- 6) 1841 228 1157 2625 

Therma1,Flexu e 1 1972 2 14 1330 2614 
2 1800 3 io 870 273.0 (dyn/cmL 'x 10 ) 
3 1765 2 14 1123 2407 
4 1813 2 14 1171 2455 
5 1875 179 1338 2412 
6 1806 234 1104 2508 

6 

(1-6) 1841 2 34 1139 2543 

Seam Creep 
(=I 

1 0.229 0.102 0.000 0.535 
2 0.152 0.076 0.000 0.380 
3 0.076 0.051 0.000 0.229 
4 0.229 0.127 0.000 0.610 
5 0.203 0.177 0.000 0.734 
6 0.279 0.152 0 .ooo 0.735 

(1-6) 0 203 0.152 0.000 0.659 

m e  probability distribution of Tensile Impact is not normal. 
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TABLE 5 .  

SPHERE NUMBER 

1* 
2 
3 
4 
5- 
6* 

MANUFACTURING REPAIR RESULTS 

MATERIAL REPAIR QUANTITY SEAL REPAIR QUANTITY 

32 
25 
4 
9 
5 
8 

26 
123 

1 
0 
2 
1 

82 153 

* The in f la t ion  system was not ins ta l l ed ,  although extra operations 
existed to i n s t a l l  duct work for the S t a t i c  Inf lat ion T e s t .  

** Neither the f i n a l  s e a l  nor the i n f l a t i o n  system was i n s t a l l e d ,  



TAB= 6 .  

ATTRIBUTE CHARACTERISTICS TEST RESULTS 

CHARACTERISTIC SPHERE NUMBER 

Canister 
S im l a  tion 
Adhesion 

Seaiing Wineel 
Adher ion 

Aluminum Adhesion 

Seam Peel 

1 

FRACTION DEFECTIVE SAHPLE SIZE 

* * 

. 000 . 000 

.011 . 000 

.ooo 

522 
531 
528 
405 
387 

.003 2373 

* * 
. 000 
.012 
.011 
.014 
.003 

522 
495 
525 
420 
396 

.008 2358 

,000 . OOG 
.000 
.028 
.060 
.008 

636 
522 
531 
5 37 
45 3 
396 

.015 307 5 

.012 

.014 . 000 . 000 

.000 

.om 

166 
168 
168 
170 
168 
168 

.003 1008 

-his characteristic was not tested during Sphere 1 fabrication. 
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M.torL.1 Tes t fng  

Test ramples of mrtsrirl used i n  t h e  manufacture of t lw PAGEOB 8pher.s 
were taken from both ends of t h o  gore. material. Usual ly  th. l'(cmd" sample 
of one gore blank was t h o  samo as t h e  "start" sample of t h e  following gore  
blank. I f  any of t h e  t o s t  spocirnens f a i l e d ,  both go re  blanks wora r e joc t ad .  
Material f a f l u r e  on any test r e s u l t e d  i n  r e j e c t i o n .  T e s t  specimens w e r e  
removed and marked. When r e j s c t  material occurred between goro b l anks ,  
specimens w e r e  taken a t  t h e  beginning and end of t h e  reject matsrial. 
r e s u l t s  of these slmpla t e s t a  a p p l i e d  only t o  t h e  a d j a c e n t  gore. 

The 

Sea1 T e s t i n g  

Samples of seal8 were talcon a t  both the "start" and "end" o f  a seal t o  
more closoly test  the q u a l i t y  of t h e  s a l .  The f a i l u r e  of t h e  s m m  c r e e p  
feet r e a u l t e d  fn t h e  i n r r k l l a t i o n  o f L L f t a p e  seal (a r e f n f o r c i n g  a t r i p  of 
tape appl ied t o  t h e  unde r s ide  of t h e  soal) .  
cause f o r  removal of the gore. 

P a f l u r e  of any o t h o r  test  was 

During t h e  e v a l u a t i o n  of t h e  s e a m  p e e l  tes t ,  t h e  adequacy of t h e  back-up 
A seal w a s  made around t h e  e n t i r e  circumference s e a l i n g  wheel w a s  evaluated.  

of t h e  wheel r e s u l t i n g  i n  a sample seal abcrut 3.6 meters long. This wa8 
c u t  i n t o  20 c m  l eng ths  and each p i e c e  t e s t e d  for t e n s i l e  s t r o n g t h  a f t e r  
thermal $hock. 
wheel was uniform around i t a  e n t i r e  circumference.  

Since t h e r e  were no f a i l u r e s ,  i t  w a s  concluded t h a t  t h e  s u l f n g  

R8pafr Tes t ing  

Whrre repairs were necessa ry ,  specLmens of t h e  r e p a i r  wers taken. OnJy 
the 8eam peel test  w a s  conducted, as  t h e  t a p e  used i n  t h e  repair had bean 
prevfouely t e s t e d .  I f ,  however, s e v e r a l  consecut ive r e p a i r s  were nude, only 
one tes t  sample was taken batween r e p a i r s ,  t h e  f a f l u r e  of t h a t  sample t o  meet 

acceptance c r i t e r i a  w~s'cause f o r  r e j e c t i o n  of repairs made be fo re  and a f t e r  
t h e  sample. 

Tape T e s t h g  

The t a p e  used in e f t h e r  the seals or r e p a i r s  was sampled and t e s t e d  
be fo re  the material w a s  used. 
of t h e  s t r i p .  F a f l u r e  of any sample t o  meet acceptance cri tcrfa caused 
F s j e c t h  gf t h a t  r o l l  of t a p e .  

The t h i ckness  w a s  measured along t h e  length  
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RELIABILITY 

Before developing the Reliability Goal it is necessary to discuss the 
"state-of-the-art" of reliability prediction with respect to inflatable 
spheres. The classic approach to reliability, that is to undertake a long 
range program to test a quantity of spheres to establish the reliability 
by a statistical method, is not feasible. However, Ekho I and Echo I1 spheres 
have demonstrated that such a balloon system is feasible, and that rigid 
quality control, reliability requirements, and a thorough material testing 
program can achieve high reliability. 

The classic approach to reliability requires testing samples of signifi- 
cant size to determine failure rates. For many items there are published 
government and industry failure rates for various components. There are no 
established failure rate data for inflatable sphere components. 

Data used to develop reliability predictions for PAGEOS inflatable spheres 
will be those data developed from the acceptance tests. 

Failure Mode, Effect, and Criticality Analysis 

The PAGWS project mission was to place a 30.48 m diameter sphere into 
a near polar orbit at a distance of 4,250 kilometers. The sphere (satellite) 
is a specular, solar reflector which is being used for a period of about 
five years to determine the size and shape of the earth, and the position 
of land masses on the earth. h e  requirements of this mission were as follows: 

1. The satellite will deploy (inflate) in the described environment. 

2 .  The satellite will remain intact during deployment and pressure  decay. 

3 .  The reflectance of the satellite will meet the required specular 
level during the operational period. 

Figures 16 and 17 describe the flight profile of the PAGM)S satellite. The 
operational flight of the satellite consists of four stages as shown in 
figure 18. This document considers only those stages labeled 1, 2, and 3. 
They are as follows: 

Time Stage 1 - Inflation (1/2 hour) 

Time Stage 2 - Pressure Decay ( 2  weeks) 

Time Stage 3 - Orbit (5 years) 

In consideration of these time stages as they relate to the requirements of 
the mission, an analysis in Table 7 identifies potential failures, their 
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STAGE 

TABLE 7 .  

FAILURE 
CRITICAL 
(Potential 
Failures) 

1. Inflation 1. Burst 

FAILURE 
EFFECT 

FAIURE X)DE 

Mission Failure 1. Structural deficiency 
in component 

a. Gore 
b. Seal 
e .  Outer Pole Cap 
d . Inner Pole Cap 
e .  Outer Cap Seal 
f .  Inner Cap Seal 
g .  Final Seal 

2 .  Entangled folds or dis- 
array of folds causing 
severe stress areas 

3 .  Puncture or tear from 
fragment of canister 
or rocket 

4 .  Improper diqtrlbution 
of inflation compounds 

5. Improper mixture of in- 
flat ion compound s 

6 .  Excessive amount of in- 
flation compounds 
causing over-expansion 

7 .  Excessive heat causing 
over-expansion 

8 .  Trapped residual air 
or moisture 
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TABLE 7 .  (Continued) 

STAGE B A X W  FAILURE 
CRITICAL EFFECT 
(Po ten t i a  1 
Fa1 l u r e  8 )  

1. I n f l a t i o n  2.  F a i l u r e  t o  Miasion 
(continued) i n f l a t e  Fa i l u r e  

3, Under- M i  s s i o n  
i n f l a t i o n  F a i l u r e  

FAILURE HIDE 

1. I n s u f f i c i e n t  amount of 
i n f l a t i o n  powder 

2 .  Severe t e a r  causing 
r a p i d  gas  leakage due 
t o  s t r u c t u r a l  
d e  f i c  i e n c  y 

3. Improper mixture  of 
i n f l a t i o n  powder 

4. S e a l  ("0" r ing )  from 
c a n i s t e r  r e s t r a i n i n g  
i n f l a t i o n  

1. I n s u f f i c i e n t  amount of 
i n f l a t i o n  powder 

2 .  Tear(s )  o r  puncture(8)  
causing gas  leakage due 
t o  s t r u c t u r a l  d e f i c i e n c y  

3. Improper mixture  o f  
i n f l a t i o n  compounds 

4. Entangled t i p  p o r t i o n  
of  sphere  (knot) 

5. Sea l  from c a n i s t e r  
r e s t r a i n i n g  i n f l a t i o n  
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TABU 7 .  (Concluded) 

STAGE FAILURE FAILURE 
CRITICAL EFFECT 
(Po ten t i a  1 
F a i l u r e s )  

2 .  P r e s s u r e  1. Burs t  
D e  l ay  

3. O r b i t  

Mission 
F a i l u r e  

1. T o t a l  Mission 
R e f l e c t i v i t y  F a i l u r e  
Loss 

2 .  P a r t i a l  P a r t  i a  1 
R e f l e c t i v i t y  Mission 
LOSS Success 

FAIIURE MaDE 

1. Weakening du r ing  in -  
f l a t i o n  causing 
even tua l  breakdown of  
t h e  sphere 

2 .  Massive meteoroid 
bombardment 

3. Excessive expansion 
dur ing  i n f l a t i o n  
causing severe s t r e s s  

4. uv degrada t ion  of 
m a t e r i a l  whi le  sphere 
i s  p res su r i zed  

1. T o t a l  deg rada t ion  of 
r e f l e c t i v e  s u r f a c e  due 
t o  space environment 

2 .  Massive meteoroid 
bombardment 

1. Local ized meteoroid 
bombardment 

2 .  Puncture  o r  t e a r  i n  
ma te r i a  1 

3. S e a l  s e p a r a t i o n  

4. P a r t i a l  degrada t ion  of  
r e f l e c t a n c e  s u r f a c e  due 
t o  space environment 

5 .  Excess s p i n  r o t a t i o n  re- 
s u l t i n g  i n  misshaped 
sphere 
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e f f e c t s  OR missLon r u c c e e e ~  and the a s s o c i a t e d  modes of f a i l u r e .  
f a c t o r s  were considered i n  des ign  s p e c i f i c a t i o n s ,  f a b r i c a t i o n  procedureb, 
a d  too l ing ,  The primary o b j e c t i v e s  of t h i s  a n a l y r i s ,  then ,  is t o  d t t e m l n e  
potential  eystrm faL lu re r  under  a n t i c i p a t e d  c o n d i t i o n r ,  i .e.  t h e  space  
8 n v l r o ~ l e n t ,  and t o  o r t a b l L h  a reliability goal  f o r  t h e  system and i t s  cool- 
ponants,  

These 

R e l f i b i l t t y  Goal Batablishment and Apportionment 

A r e l k b i l i t y  g a l  for t h e  PAGEOS I n f l a t a b l e  Sphere Assembly w a s  choran 
t o  be ,9600, 

The operatbual f l i g h t  of t h a  PAGEOS satel l i te  is composed of fou r  
s i g n i f i c a n t  events o c c u m h g  a t  four s t a g e s .  
T h i s  analysf8 Lr  r e s t r i c t e d  t o  t h e  last three l a b e l e d  t i m e  s t a g e s  1, 2,  and 3. 

These are shown i n  Figure 18. 

L e t t i n g  Event A be success fu l  i n f l a t i o n ;  Event B, success fu l  pressure 
decay; and Event C, succees fu l  o r b i t 8  then P(A) is t h e  c e n d i t i o n a l  p r o b a b i l i t y  
of Went  A i  P(B/A),  t h e  c o n d i t i o n a l  p r o b a b i l i t y  of Event B given A; P(C/B,  A),  
t h e  cond i t iona l  p r o b a b i l i t y  of Event C, given Events B and A ;  and P(A, B, C) 
is t h e  jolnt  p r o b a b i l i t y  of Events A,  B, and C. Then, the expres s ion  f o r  
P(A, B, C) i s  

P(A, B, C) = P(C/B,  A )  P(B/A) 4 P ( A ) .  (8) 

Let Ri be t h e  p r o b a b i l i t y  of euccess  ( r e l i a b i l i t y )  fo r  the  Lth t h e  
stage, The expreas ions  d e f i n i n g  R f o r  t i m e  stages i = 1, 2 ,  and 3 are i 

and 

R1 = P(A) 

B2 - P(B/A), 

B3 - P(C/B, A ) .  

The system r e l i a b i l i t y ,  then ,  is 

Wherever survival time is of concern,  t h e  e x p o n e n t h 1  d i s t r f b u t i o n  Lo 
aesumcd t o  hold.  I n  t h e  case of s u r v i v a l  of cya le s  of ope ra t ion ,  the Poisson 
dlStF~butiQXl i s  aseumed t o  apply.  
Btage then becomes 

The r e l i a b l l i t y  express ion  for t h e  lth time 

Bi .I exp - X i t i  (13)  
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where 1 

t i m e  and t 

is t h e  mean f a i l u r e  rate f o r  the ith time s t a g e  i n  f a i l u r e s  p e r  u n i t  i 
i s  t h e  o p e r a t i o n a l  time of t h e  f th  s t age ;  o r  i 

(14)  'iCi Rf  = exp - 
where A, i s  t h e  mean f a i l u r e  r a t e  f o r  the f t h  t i m e  s t a g e  i n  f a i l u r e s  per cycle  

I 

and C is  t h e  number of ope ra t ing  cycles  of t he  f th  t h e  s t age .  f 

Equatfon (14 )  w f l l  b e  used f o r  s t a g e  i = 1 and equa t ion  13 f o r  s t a g e s  
f = 2 and 3 since t h e  concern f n  s t a g e  i = 1 i s  t h e  s u r v i v a l  of ope ra t ing  
c y c l e s  and s u r v f v a l  tfme La of concern i n  s t a g e s  i = 2 and 3 (see f i g u r e  18).  

S u b s t f t u t f n g  e q u t i o n s  (13) and (14) i n t o  equat ion (12)  determfnes 

among 

= exp - (hlCl 4 A p t 2  4 13t3). (15) system R 

Tke r e l f a b f l f t y  goal f o r  t h e  system (.9600) must now be apport ioned 
t h e  t h r e e  tfme s t a g e s  ( r e l h b f l i t y  phases).  

Fo r  the t h e  s t a g e s  i = 1, 2, and 3, the  expres s ions  f o r  the expected 
number of f a i l u r e s  are l l C l ,  %t2, and h3t3,  r e s p e c t i v e l y .  

S i n c e  no Lnformatfon i s  a v a i l a b l e  which provides  f a f l u r e  rate da ta  
for i n f l a t a b l e  sphe res  of t h f s  type,  i t  is necessary t o  u s e  eng inee r ing  judg- 
ment i n  s e l s c t h g  a scale which considers  f a i l u r e  and success based on pre- 
v ious  experfence.  If t h e  tfme s t a g e  breakdown of t h e  PAGEOS sphere as shown 
i n  F i g u r e  18 i s  examfned and compared with experience (Echo I and 111, it 
is seen  t h a t  i n  t i m e  s t a g e  3 t h e  condi t ions are  less severe than  i n  s t a g e s  
i and 2 ,  and f a i i u t e  is u n l f k e i y  i f  t he  sphere LB eiiccee~f.ri? fii ~ t i i g e ~  1 and 

I n  o r d e r  t o  s o l v e  f o r  s t a g e  r e l i a b i l i t i e s  (R1, R 2 ,  and R 3 )  i t  is  

necessary t o  expres s  each expected number of f a i l u r e s  i n  terms of a common 
expected number of f a i l u r e s .  I d e n t i f y i n g  t h e s e  f o r  t h e  s t a g e s  i = 1, 2,  and 
3,  we  o b t a i n  

and A 3 t 3  = w3 (h3t3),  

w2,  and w r e s p e c t i v e l y ,  where w 

t o  100, and are 99,  9 and 1 re spec t ive ly .  
judgment and previour experience.  
chosen t o  be X3t3 .  

are weights on an a r b i t r a r y  Sca le  of 1 

These are based on eng inee r ing  
The cOmmon expected number of f a i l u r e s  Le 

1' 3 

55 



5 6  

g n t c r h g  t h e s e  weights tn  equa t ions  (161, ( 1 7 1 ,  and (181, and t h e s e  
equatfonr  h t o  r q u a t i o n  (15) X 3 t 3  in found t o  be 3.745 x J h t e r h g  t h i s  

value in e q w t f o n r  (161, (171, and (18), t h e  expected numbwn o f  f a i l u r e s  are 
found as 

= 370,755 x lom4 llC1 

A 2 t 2  = 33,705 x 

Solving equa t lon r  (13) and (14) determines R1 as ,9636, R2 as .9966, and R3 as 

,9996. 

9, 10, and 11, r e s p e c t i v e l y ,  These are 

The stage f a i l u r e  rates (A1, X2, and X 3 )  can then  be found by equa t ions  

X1 = ,0371 f a i l u r e s  per  cycle ,  

X2 = 1.00 x lo-’ f a i l u r e s  pe r  hour ,  

and Xg = 8.57 x 10” f a i l u r e a  pe r  hour, 

H8vLng apport ioned the system r e l i a b i l i t y  f n t o  t h e  t h r e e  t i m e  sages  
and e s t ak l f shad  t h e  f a i l u r e  rate for each s t a g e ,  t h e  r e l i a b i l i t y  CM be 
apport ioned t o  t h e  component p a r t a  in each s t age .  

Time atam 4 ,-The gene ra l  expres s ion  for r e l i a b i l i t y  of s t a g e  1 i s  

1 n 

R1 = sxp  - C 1 E j  l l j  

where 

X = f a i l u r e  rate f o r  component j in t i m e  s t a g e  i = 1, 
1 j  
k = q u a n t i t y  of component j a p p l i c a b l e  t o  time s t a g e  i = 1, 
1 

l a d  

nl - number of  independent components i n  t h e  stage 

(19) 



119 Rl2, *e*, R ..e, 
1j' 

In order t o  a p p o r t i o n  caaponent r e lL . lb i1 i t i e s  (R 

Rl 

number of failures.  
3 = 1 o r  XllC1. Sfnce  C1 = 1, X C becomes X f o r  computation purposes. 

The f a i l u r e  ra te  X 

) it, rgafn, becomes necessary t o  express each i n  terms of a common expected 

"1 
Consider t h e  coamon expres s ion  t o  be that of component 

f o r  1 = 1, 2 ,  O + D ,  nl ,  then is 
Ij 1 1j 

1j 

I1j = wljAll '  (20) 

expressed in terms of Xll where w 

t i m e  s t a g e  i = 1 rc lec td  on t h e  bash of eng inee r ing  judgment cons ide r ing  
an a r b i t r a r y  scale of 1 t o  lo. S u b r t l t u t l n g  equa t ion  (20) i n t o  equa t ion  (19) 
resu l t s  h 

is a weight f o r  component j cons lde r ing  
1j  

1 n 

B1 = exp - X .C 11 1 pj "1j 
j = 1  

(21) 

A 

F k j  wll 178-  

Using t h e s e  values i n  equa t ion  14 where C 1  = 1 and R1 = .9636 (p rev ious ly  

determined) ,  determines Xll = 2.08 x lo4  f a i l u r e s  per cyc le .  
Salvfng equa t ion  (20) for t h e  balance of t h e  component f a i l u r e  rates 

HavLng determlned t h e  f a i l u r e  r a t e  for each  of the components a p p l i c a b l e  
t o  s t a g e  i .I 1, cauponent r e l i a b i l i t l e s  can be apport ioned by t h e  expres s ion  

jCIXl j ( 2 2 )  R1l - exp - 
Solv lng  for R f o r  j 1, 2 ,  0 . 0 ,  8 ,  the fo l lowing  are obtained:  

1j 
Bll = .9827 

R12 = .9829 

B13 = .9996 

R14 = .9996 
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TABLE 8. 

Stage 1 Components and Their Deta i l  

1. ,Componeng 

1 Gore, 

2 Seal 

3 Outer pole cap 

4 Inner p o l e  cap 

5 Outer cap sea l  

6 Inner cap sea l  

7 Final s ea l  

& Inflatants 

n1 = 8 

k1 - 
84 

83 

2 

2 

2 

2 

1 

1 

1 84 

1 a3 

1 2 

1 2 

1 2 

1 2 

1 1 

R15 = .9996 

R = -9996 

R1, = .9998 

R I B  = .9996 

a6 

Time stage 2.-The general  expression f o r  r e l i a b i l i t y  of s t a g e  2 i s  

2 n 

h = failure rats f o r  component j Fn t i m e  stage i = 2 ,  

i4 = quantity of component j In time stage i = 2 ,  
j 



and 

n = number of independent components i n  time s t a g e  i = 2 

< j  = 1, 2 ,  ***,  n2>.  

Following t h e  same p a t t e r n  as t h a t  developed f o r  s t a g e  f = 1, component 

2 

r e l i a b i l i t i e s  can be apport ioned as s h a m  i n  Table 9. 

TABLE 9:- STAGE 2 COMPONENTS AND THEIR DETAIL 

Component 

Gore 

S e a l  

3 Outer pole  cap 

4 I n n e r  pole  cap 

5 Outer p o l e  cap 

6 F i n a l  seal 

7 i n f i a t a n t s  - 
n2 = 7 

5 %  Ir j w 2  1 
84 1 54 

83 1 83 

2 1 2 

2 1 2 

2 1 2 

2 1 2 

1 1 7 - 
“2 F j w 2 j  = 176 

j a l  

The r e l h b i l i t y  f o r  time s t a g e  i = 2 i n  terms of comon f a i l u r e  rate, 
n, 

S u b s t i t u t i n g  t h e  v a l u e s  of Table 8 i n  equa t ion  (24) s i n c e  t2 and R are 2 
known, determines hpl = 5 . 7 0  x f a i l u r e s  per hour. 

Having determfned the f a i l u r e  ra te  for each of t h e  components a p p l i c a b l e  
t o  s t a g e  i = 2,  t h e  component r e l i a b i l i t i e s  can determined by equa t ion  ( 2 5 )  

These are shown below. 

Rpl = .9984 

R22 = .9984 
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RZ3 e99996 

R24 = .99996 

R25 -99996 

R26 = ,99998. 

T i m e  stage 3,-It i s  assumed that if t h e  sphere i s  s u c c e s s f u l  i n  e t a g e s  
1 and 2,  t h e  only c o n s i d e r a t i o n  I n  s t a g e  3 i s  t h a t  of r e f l e c t a n c e  ove r  t h e  
f ive year perfod. Echo I sugges t s  that once s u c c e s s f u l  o r b i t  and i n f l a t i o n  
are achieved t h e  balance of t h e  mfseion Ls r e a d i l y  achieved. I f  no structurral 
s t r e s s e s  are p r e s e n t  in s t a g e  3, t h e  on ly  c o n s i d e r a t i o n  becomes r e f l e c t a n c e .  
Echo I d a t a  f u r t h e r  suggest  t h a t  t h e  space environment does n o t  s l g n i f i c a n t l y  
a f f e c t  reflectance p r o p e r t i e s  beyond that necessary f o r  a s u c c e s s f u l  rnfesion, 

I n  appor t ion ing  t h e  s t a g e  r e l f a b l l i t y  i n t o  component r e l i a b i l i t i e s  
consider ing r e f l e c t a n c e  only,  t h e  a p p l i c a b l e  components are seen  t o  be the 
gore (j = 1) and t h e  o u t e r  pole  cap ( J  = 3 ) .  
i = 3, then, can be expressed as 

The r e l f a b i l i t y  for t i m e  s t a g e  

t3 (‘1 ’31 + ‘3 ’33). R 3  = exp - (26) 

Weightfng La t h e  same manner a s  i n  previous t i m e  s t a g e s  r e s u l t s  fn an 
axpression for cauponent j i n  terns of X33 as 

= w 3 j  x33 * (27) 
3 j  

S u b s t i t u t i n g  e q u a t i o n  (27) i n t o  equa t ion  (261,  we o b t a i n  

It3 = exp - t3 (‘1 w3l ’33 + k3 w33 h 33 1. (28) 

The weights w and wiz are 99 and 1, r e s p e c t i v e l y ,  determined by 
engineer ing judgmen3. Subs t u t h g  into equation (28 )  where R3, tg,  kl, and 

k 
for X31 by equat ion 20 determines Xgl as 1.09 x 10-l’ f a i l u r e s  per hour,  

component r e l l a b i l i t l e a  can be apport ioned by t h e  expres s ion  

are knam determines h33 as 1-10 x f a i l u r e s  per hour ,  and solving 3 

Having determined t h e  f a i l u r e  rates a p p l i c a b l e  t o  s t a g e  t E 3, 

B = a x p - k  t X 
3 j  j 3 3 j  

(29) 

Solvfng f o r  61 f o r  j = 1 and 3, determines Etgl as ,9996 and R33 as .999999. 
3 j  

Tba r c l L . b f l f $ y  block diagram which fo l lows  ( f i g u r e  19) shows an analysis 
of r e l i a b i l i t y  s t a g e s  and components. 
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R e l i a b i l i t y  P red ic t ion  

The purpose of t h i s  s e c t i o n  i s  t o  show the  nuthematfcal  technique for 
r e l i a b i l f t y  p r e d i c t i o n  of PACEM I n f l a t a b l e  Sphere Asreniblles. 

SLnce t h e  c l a s s i c  approach t o  r e l i a b i l i t y  p r e d i c t i o n  cannot be used, 
the development aurt be made u t f l f z i n g  acceptance tarts. 

Ihe development of this model t akes  i n t o  c o n s i d e r a t i o n  t h e  condf t ion r  
s t a t e d  Ln the r e l f a b i l i t y  goa l  es tab l i shment ,  I n  p a r t i c u l a r ,  t h e  p r o b a b i l i t y  
d a v e l o p e n t  i s  the model used f o r  combining t h e  r e l i a b i l i t i e s  i n  t h e  o rde r  
of t i m e  s t ages .  
2 is c o n d f t i o r u l  upon success  in t i m e  s taga  1, 

For example, any r e l i ~ b i l i t y  estinute dea l ing  wf th  time s t a g e  

Within t h e  framework e s t a b l i s h e d  in  t h e  prev iaus  s e c t i o n ,  t h e  p r e d i c t i o n s  
are made f o r  components based on t h e  data obta ined  from v a r i a b l e s  t e s t i n g ,  
attributes t e s t f n g ,  and manufacturing de fec t  eva lua t ion .  
graphs show the mrithemntical development which l e a d s  t o  cosnponent tima-stage 
r e l h b i l t t y  and u l t l a a t e l y  t o  a r e l i a b i l i t y  p r d i c t b n  for the PAGBCS sphere 
assaaubly. 

The fo l lowtng  para- 

Tes t ing  by v a r h b l e s . A o n 8 f d e r  a homogeneous component j where t h e  
variable c h r r r c t a r f s t i c  v i s  t e s t e d  and the r e s u l t i n g  random v a r i a b l e  x 

fo l lows  a n o m 1  p r o b a b i l i t y  d i s t r i b u t i o n  wi th  a mean of pv and s tandard  

d e v h t f o n  of uv. 

sample of s h e  N 
be computed. 

V 

If t h e  v a r i a b l e  i s  t e s t e d  i n  a specimen s i z e s V b y  a random 

t h e  sample mean x and sample s t anda rd  d e v i a t i o n  ad-- can 
V’ V V 
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STAGE NO. 1 
INFLATION 

GORE 
= -9-9.:- 

-12 - R31 
A31= 1.09r10 

OUTER P3LE CAP 

= ,9827 

Al l  = 2 . 0 8 ~ 1 0  

- s EAL 
R12 = .98,3 

hI2= 2 . 0 8 ~ 1 0 - ~  

R33 = - 9 9 9 9 9 9  
= l . l u x 1 3  -17 

'33 

h14 = 2 . 0 8 ~ 1 0  - 
RI5 = .9996 

\5 = 2.08x:cI 

INNER CAP SEAL 

'16 = 2.03r10 

FINAL SEAL 
= ,9998 , 

hX7 = 2.08x10 

I OUTER POLE CAP 1 

I FINAL SEAL- 1 

ORBIT 
8.5 7x1. 

I 

62 Fig!ire 19.  - R e l i a b i l i t y  goal  block diagram. 



Let  Piv be a U x h  or mfnimum value* of x f o r  a specimen s h e  s 
V V 
The characteristic v ~h.11 

A s i n g l e  

which 

w i l l  r e s u l t  Ln mfssfon succers i n  t i m e  stage i. 
have either a a f n h m  or maximum Piv, but sh.11 n o t  have both. 

ige&en having a value less t b n  t h e  minimum Piv o r  g r a t e r  than  the maxkym 

w i l l  cause the mission to  fail .  For s t a g e  i, le t  P be the fraction* of 

specimens whose valu88 br8 l a s e  than or g r a t a r  than Piv, whichever i s  a p p l i c a b l e ,  
/ 

m d  fiv be t h a  a b s o l u t e  d i f f e r e n c e  between + and Fiv Fn teras of r t m d a r d  

d e v h t  fons. 

/ 

i V  

/ 
To e s t h t a  Piv w h e n  Piv is a lawer l fmit ,  we can use  t h 8  f a c t  that 

- p ) / u  le a st.adar4l.ed normal v a r i a b l e  wi th  maur of zero and 8tanb.rd 
Haca, l e t t l n g  CP (Y> denote the r t anda rd  n o w 1  cumulative 

(Iv v v 
d e v k t i o n  of one. 
d i r t r i b u t i o n  func t ion ,  w e  can write f o r  l a r g e  va luas  of 11 

V' 

- 
iv-xv 

'iv '( adV ) ( ") 'iv ( 3 0 )  

When Piv is a n  uppar l i m i t  t h e  corresponding e a t b a t e  of Piv is 

To cover both  
axpre I s i on 

t a b l e ,  w e  can e r t i r m t e  fiv by the 

\ 

cond i t ions  wi th  a s i n g l e  

f = p v  - q 
iv 

edV 

and can r spd  Piv from a one- t a l l  t a b l e  

(32) 

of the s tandard ized  normal d i s t r i b u t i o n .  

I f  t h e  component j fs of a h a  S it fo l lows  that t h e r e  are S /av 
j' j 

specimens of s i z e  s i n  component j. The estimated number of f a i l u r e s ,  then,  
is (Sj/sv)Piv. A.ss&nLng tht  t h e  number of f a i l u r e s  fo l lows  a Poisson  

d i s t r i b u t i o n ,  the r e l i a b i l i t y * ,  VRijv, f o r  component j i n  s t a g e  i, based on 

v a r h b l e  c h a r a c t e r i s t i c  v, CUI be expressed as 

* A l l  d e f i n i t i o n s  and estimates i n  t h i s  s e c t i o n  t h a t  are indexed by i ( w i t h  
i g r e a t e r  than 1) are cond i t iona l  upon success  of previous t i m e  s t ages .  

** R e l i a b i l i t y  is  considered t o  be an  e e t h t a d  va lue  throughout t h i s  sec t ion .  
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The v a r i a b l e  characteristics and their  tes t  de ta i l  are shown i n  Table 
10. 

t h e  intended space environment, and by eng lnee r ing  judgment. The variables 
tests as the7 apply t o  t h e  components f o r  each time s t a g e  are shown i n  Table 11. 

The v a l u e s  of Piv are determined by theoret ical  a n a l y s e s ,  s i m u l a t i n g  

Let %ij be the r e l i a b i l i t y  f o r  component j i n  time s t a g e  i cons ide r ing  

v a r h b l e a  c h a r a c t e r i s t i c s .  Et is, t hen ,  the product  of the r e l i a b i l i t i e s  

f o r  t he  a p p l i c a b l e  independent v a r i a b l e  characteristics f o r  t h e  g iven  component 
and t h e  stage as computed by equa t i an  (33) .  

v u  

Tes t ing  by a t t r i b u t e s . - C o n s i d e r  t h e  component j where t h e  a t t r i b u t e  
characteristic a is t e s t e d .  Suppose the c h a r a c t e r i s t i c  La tested i n  a specimen 
. i h e  s by a random sample of size N 

t i m e  s t age  i. 
estimated by the expression 

r e s u l t h g  i n  cia f a i l u r e s  cons ide r ing  a R 

"he f r a c t i o n  of f a i l u r e  kb fo r  a specimen s i z e  s can be a 

ia C 
I -  

x~ Na (34) 

Consider component j t o  be  of s h e  S There are, then, S /s s p e c h e n s  in 
component j. 
when subjected t o  the test cond i t ions  measuring c h a r a c t e r i s t i c  a is 

But in o p e r a t i o n  only a f r a c t i o n  Pia of t h i s  number w i l l  b e  s u b j e c t  t o  t h e  

cona i t ions  p r e s e n t  in t h e  a t t r i b u t e  tes t  a. 
t hen ,  f o r  component j i n  s t a g e  L by c h a r a c t e r i s t i c  a is 's  ./s 
Again, assuming t h a t  the  number of f a i l u r e s  fo l lows  a Poisson d i s t r i b u t L o n ,  
t h e  r e s u l t i n g  r e l i a b i l i t y  for component j i n  t i m e  s t a g e  i cons ide r ing  
characteristic a is 

j' J a  
The e s t ima ted  number of F a i l u r e s  f o r  component j L A  s a g e  i 

S /s *. a. h 4 i 
The estimated number of failures, 

J .)('fa) iph\- 

The a t t r i b u t e  characteristics and t h e f r  tes t  d e t a i l  a c e  shown i n  Table 
The cri teria of f a i l u r e  and the f r a c t i o n s  pia are eng inee r ing  estimates; 12. 

t h e s e  are f u r t h e r  explained i n  the summary. .The a t t r i b u t e  t e s t e  as they  
app ly  t o  t h e  components for each  t i m e  s t a g e  are shown i n  Table 13. 

Let RAij be t h e  r e l i a b i l i t y  f o r  component j i n  time s t a g e  F cons ide r ing  

attributes c h a r a c t e r i s t l c e .  R i r ,  t h e n ,  t h e  product  of t h e  r e l i a b t l i t i a s  

f o r  t h e  a p p l i c a b l e  independent attributes characteristics f o r  t h e  glven 
component and t h e  a t a g e  a s  computed by equa t ion  (351, 

ALJ 
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TABLE 11. 

Component Variables Tests 
, 

V - Stage i = 1 i = 2  - Component - J -  

Gore 1 2918.5 m2 1 1 . 6  

-- 2 2 

3 3 

4 4 

5 5 

-- 
-- 

- -  

Seal 2 3908.1 m 

Outer 
pole cap 

Inner 
pole cap 

Outer 
cap seal 

Inner 
cap seal 

Final seal 

3 1.48 m2 

4 1.48 m2 

5 6.1 m 

6 6.1 m 

7 4 6 . 9  m 

1 1 6 

2 

1 

2 

2 

1 

2 



I 
aJ 
U 
3 
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r! s 
U c 

I 
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X 
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C d  x 
" I  
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I 
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TABLE 1 3 .  

Component A t t r i b u t e s  Tests 

a 
Component 1 5 S t a g e  i = 1 i = 2  i = 3  

Gore 1 2918 .5  m2 

Sea l  2 3 9 0 8 . 1  m 

Outer 
pole cap 3 1 . 4 8  m2 

Inner 
p o l e  cap 4 1 . 4 8  m 2  

Outer 
cap seal 5 6 . 1  m 

I n n e r  
cap seal 6 6 . 1  m 

Fina l  s e a l  7 4 6 . 7  

1 

2 

3 

1 

2 

3 
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M n u f a c t u r f n g  defects.>nufacturfng d e f e c t s  can occur f n  two aa$w 
categories of components. 7besa are (m) sphere  material and ( 8 )  sphere  
seals. 
fs Em and E 
d e f e c t s  D ln sphe re  material of areaA and d e f e c t s  D 

l e n g t h  L can be  expressed a8 

Suppose dm and ds d s f e c t s  are l o c a t e d  by an in spec t ion  f u n c t i o n  which 

The estimated number of 8xfstLng e f f e c t i v e  f o r  d e f e c t  locatfon.  
0 

i n  sphere  seals of m I 

m d - 
Dm 

and 

, dS Ds - - 
BS 

(36) 

(37) 

r e s p e c t i v e l y .  

un repa i r ed  d e f e c t s  remaining f n  sphere material and seals, r e spec t ive ly .  
Suppose Pim and PLe=,are estimates of t h e  f r a c t f o n  of unrepaf red  d e f e c t s  which 

w i l l  causa  mission f a i l u r e  Ln s t a g e  f .  'Ihe es t imated  numbers of f a i l u r e s  

and P f s  (DS - ds ) ,  respective&. Consfder, agafn ,  component j which Ls of 

s h e  S. and i s  of e i t h e r  ca tegory  (m> or  ca tegory  (SI. 
estimate of t h 8  remaining d e f e c t s  fn canponent j can  be  expressed as (S /A) 
(D 

S (D /.4) (E - am) or S (Pis,%) (Ds - cl 1- Pallaufng t h e  Poisson d i s t r i -  

bu t ion ,  d e f e c t  r e i i a b i l f t y  f o r  component 5 in s t a g e  i becanes 

There are es t ima ted  t o  be  (Dm - dm) and (Ds - ds)  undetec ted ,  

caused by undetec ted ,  un r spa i r ed  ma te r i a l  and seal d e f e c t s  are P i m  (Dm - dm) 

A p ropor t iona l  
J 

j 
- dm) or (S /L) (Ds - ds) and t h e  e s t ima ted  number of f a i l u r e s  becomes m j 

j ' * i m  m j s 

or 

The estimates P and P are determined by h i s t o r i c a l  data from previous  

epheres.  
f m  i s  , 

These appear  by component and t i m e  s tage i n  t a b l e  13. 

S i m i l a r l y ,  t h e  in spec t ion  e f f e c t i v e n e s s  can be c l a s s i f i e d  f n  c a t e g o r i e s  
(rn) and (5). Material is s u b j e c t  t o  f o u r  independent 100 pe r  c e n t  i n s p e c t i o n s  
and seals are s u b j e c t  t o  t h r e e  fndependent 100 pe r  c e n t  i n spec t ions .  
e f f e c t i v e n e s s  of inspectLon E can be es t imated  by t h e  expres s ion  

The 

D = 1 - ( 1  - q l n  , (40) 

where q fs t h e  f r a c t i o n  e f f e c t i v e  of a s i n g l e  100 pe r  c e n t  i n s p e c t i o n  and 
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n 1s t h e  number of 100 per c e n t  i n spec t ions .  
t a k m  t o  be .87 based on previous i n s p e c t i o n  experience and s t u d i e s  conducted 
i n  statist ical  qua l l t  con t ro l .  The sffectiveness, then ,  f o r  category (m) 
is  Bm - 1 - (1 - .87lh = .99971 and f o r  ca t egory  (s) is Em - 1 - (1 - .8713 x 

,99780, 

The f r a c t i o n  e f f e c t i v e  q is 

I n s p e c t i o n  e f f e c t f v m e s s  by canponent is a l s o  shown i n  Table 14. 

Defect r a l L a b l l l t p  by component can be computed by t h e  g e n e r a l  equa t ion  
( 3 8 )  or (39). 

Component r e l i a b i l i t y  p r e d i c t f o n . 3 p r e s s i o n s  have been now developed 
for e s t h t f n g  t h e  r e l i a b f l f t y  of each component i n  each t i m e  s t a g e  con- 
s i d e r i n g  v a r i a b l e s  t e s t i n g ,  a t t r i b u t e s  t e s t i n g ,  and manufacturing d e f e c t s .  
The r e s u l t i n g  independent r e l i a b i l i t i e s  are 

t h e s e  i n  terms of t h e  r e l i a b i l i t y  f o r  component j fn t i m e  s t a g e  i, w e  o b t a i n  

. Expressing %ij, ' A i j ,  and 'bfj 

The above expres s ion  can b e  used t o  develop component r e l i a b i l i t y  
p r e d i c t i o n  expres s ions  by time s t a g e ,  

Q u a t i o n  (41) so lves  f o r  t h e  r e l i a b i l i t y  of each a p p l i c a b l e  component 
j i n  each t i m e  s t a g e  1 wfth t h e  excep t ion  of t h e  i n f l a t a n t s  (j = 8 )  i n  
t i m e  s t age  i = 1. No tests by e i t h e r  v a r i a b l e s  or  a t t r i b u t e s  are available 
for t h i s  component. There i s  no known method i n  which defects can be eva lua ted  
i n  terms of a n  e s t i n u t e d  number of f a i l u r e s .  However, based on success  of 
Who I and 11, and t h e o r e t i c a l  computatfons and v e r i f i c a t L o n  of t h e  PAGEOS 
i n f l a t i o n  sys t em,  t h e  r e l i a b i l i t y  p r e d i c t i o n  of t h e  i n f l a t a n t s  i s  set as R 

. 9996 . 18 P 

The r e l i a b i l i t y  of each a p p l i c a b l e  component j i n  each t i m e  s t a g e  i 
has ncw been estimated. Following t h e  exponen t i a l  d i s t r i b u t L o n ,  each such 
r e l f a b i l i t y  can  be expressed as 

or uslng the  Poisson d i s t r i b u t i o n  f o r  t h e  case of c y c l e s  

where k. i s  t h e  q u a n t i t y  of component j Ln t h e  s y s t e m ,  X is t h e  f a i l u r e  

rate per u n i t  t h e  (or per  u n i t  c y c l e )  of t h e  jth Component i n  s t a g e  L, 
ti i s  t h e  o p e r a t i n g  t i m e  Ln s t a g e  i, and C 

c y c l e s  In s t a g e  1. 
components i n  a s i n g l e  I n f l a t a b l e  Sphere Assembly. 

J F j  

is t h e  number of o p e r a t h g  i 
Table 15 i d e n t i f i e s  q u a n t i t i e s . a f  k f o r  t h e  r e s p e c t i v e  

j 
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For t h e  staga i = 1, equat lon  43 can be used t o  compute component 
f a t l u r e  rates, X l j ,  for j - 1, 2, * * e ,  8 sfnce R 

cyc le .  
j n 1, 2 ,  e.., 7 i n  t i m e  s t a g e  1 = 2 where R 
For cmponents j = 1 and 3, f a i l u r e  rates i n  s t a g e  f = 3 can be de t e rmlned '  
by equat ion  42, as R is known* and t = 43,800 hours.  

i s  known* and C .I one 1j  1 
Qurtfon 42 a p p l i e s  l ikewise  f o r  computing f a i l u r e  rates of components 

is known* and t2 = 336 hours.  
2j 

3 j  3 

TABLE 15:- COMPONENT QUANTITIES 

ComDonent J, 

Gore 1 84 

S e a l  2 83 

Outer po le  cap 3 2 

Inner  po le  cap  4 2 

Outer c a p  seal 5 2 

Inner  cap seal 6 3 
L 

F i n a l  seal 7 1 

Inf l a t a n t s  8 1 

Time s t a g e  and system r e l i a b i l i t y  p r e d i c t i o n . H a v i n g  p red ic t ed  r e l i a b i l i t y  
by component and found component f a i l u r e  rates,  it becomes necessary  t o  
examlne t i m e  s t a g e  r e l i a b t l i t y  lead ing  t o  a r e l i a b i l i t y  p r e d i c t i o n  of t he  
system. Time s t a g e  r e l i a b i l i t y  can be  expressed as 

Rl - exp - ( h  t ) f o r  s t a g e s  i = 2 and 3 (44)  i i  

and 

Ri = exp - (h C 1 f o r  s t a g e  i = 1 ( 4 5 )  i i  

she re  X 58 t h e  f a i l u r e  rate f o r  t he  sys t em i n  t i m e  s t age  i. i 
The s t a g e  r e l i a b i l i t y ,  R 1s t h e  product of t h e  a p p l i c a b l e  component 1' 

r e l i a b i l i t i e s ,  R i j ,  .in the t i m e  s t a g e  i. A f t e r  solving for R l ,  R 2 ,  and Rj 1 

Xi f o r  stages L = 1, 2, and 3 can be solved by equa t ions  (13)  o r  (14) .  

* The values of R are computed from equat ion  (41 ) .  
i j  
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The r e l i a b i l i t y  predLct ion f o r  t h e  I n f l a t a b l e  Sphere Assembly, then  
can  be determined by t h e  express ion  

Rsys tern = R1 B2 R3 (46  1 

S u b s t i t u t i n g  equa t ions  (44) fo r  s t ages  2 and 3 and 45 f o r  s t a g e  i = 1 
i n t o  equa t ion  (46) w e  o b t a i n  

(Y1 = exp - Rsystem + h t + X 3 t 3 )  
2 2  (47)  

where t h e  v a l u e s  of C t2, and t a r e  known. 1' 3 

Summary.-In t h e  p r e c e d h g  paragraphs,  a mathematical  t echnique  f o r  a 
r e l i a b i l i t y  p r e d i c t i o n  model f o r  PAGEOS I n f l a t a b l e  Sphere Assemblies has 
been developed. 'ftte model is b u € l t  cons ider ing  several e s t a b l i s h e d  premises 
and e n g h e e r f n g  judgments. These are f u r t h e r  de f ined  a s  fol lows:  

Randomness of samples: The va l idL ty  of t h e  s t a t i s t i c a l  e s t ima tes  a r e  
based upon t h e  premise that t h e  t es t  specimens are  drawn a t  random. 

Establ ishment  of f a i l u r e  levels: F a i l u r e  levels f o r  t e s t  r e s u l t s  a r e  
determined through eva lua t ion  of h i s t o r i c a l  sphere  d a t a  and t h e o r e t i c a l  
ana lyses .  

R e l i a b i l i t y  d i s t r i b u t i o n s :  I n  t h e  case of components where the number 
of f a i l u r e s  i s  of concern,  and a l s o  i n  the  c a s e  of s u r v i v a l  of c y c l e s ,  t h e  
Poisson d i s t r i b u t i o n  i s  assumed to  hold. Wherever s u r v i v a l  t i m e  i s  of concern,  
t h e  exponen t i a l  d i s t r i b u t i o n  (wi th  a cons t an t  f a i l u r e  r a t e )  is assumed t o  
hold. I n  a l l  cases, r e l i a b i l i t y  is t h e  estimate of t h e  p r o b a b i l i t y  of 
surv iva l  (occurrence  of no f a i l u r e s  1. 

Normality: The premise of normali ty  i s  a p p l i c a b l e  t o  a l l  v a r i a b l e s  tests 
wLth t h e  exceptLon of t h a t  of t e n s i l e  impact (v  = 2 ) .  
support  thLs premise and show that t h e  p r o b a b i l i t y  d f s t r i b u t i o n  f o r  t e n s i l e  
impact is cons iderably  skewed t o  t h e  r igh t .  I f  estimates cons ide r ing  t e n s i l e  
impact were based on no rma l i ty ,  t h e  f r a c t i o n s  of f a i l u r e  would be u n j u s t l y  
h igh ,  r e s u l t i n g  in a n  underes t imate  of r e l i a b i l i t y .  The t e s t  of normal i ty  
sugges ts  t h a t  t h e  l e f t  h a l f  of t h e  d i s t r i b u t i o n  ( -  cc t o  i s  normal*. S ince  

only t h e  lower level of f a i l u r e  f o r  t h e  d i s t r i b u t i o n  i s  of concern,  t h e  
sample mean and s t anda rd  devLation. can be g r a p h i c a l l y  determined on p r o b a b i l i t y  
paper  u s ing  on ly  t h e  l e f t  h a l f  of t h e  p lo t t ed  cumulat ive p r o b a b i l i t i e s .  Once 
t h e s e  estimates are e s t a b l l s h e d ,  t h e  e s t h a t e d  number of f a i l u r e s  can be 
determined i n  t h e  same manner as f o r  other  v a r i a b l e  tests.  

Normality tes ts  

2 

T e s t  v a l i d i t y  and expec ta t ions  of f a i l u r e :  The mathematical  development 
i s  based on t h e  premise that t h e  t e s t s  measure c r i t € c a l  c h a r a c t e r i s t i c s  and 
that each  t e s t  r e s u l t  is a r e p r e s e n t a t i v e  measurement of i t s  a s s o c i a t e d  
characterist  ic. 

For v a r i a b l e s  t e s t i n g  a s i n g l e  t e s t  specimen which reaches  a f a i l u r e  

*The mean b2 i s  a lso  cons idered  t o  be t h e  median. 73 



level i s  considered t o  be cause f o r  component f a i l u r e  i n  t h e  r e s p e c t i v e  
time stage and w i l l  reaul t  i n  mission f a i l u r e .  

For a t t r i b u t e s  testing, it  Ls recognized t h a t  the component w i l l  be 
d i r e c t l y  subject tQ the c o n d i t i o n s  of t h e  t e s t a  on ly  a very small percentage 
of t h e  time. Consider t h e  f o u r  a t t r i b u t e s  t e s t s  as  fo l lows :  

1. PET adhesion. The pcirpose of t h i s  t e s t  i s  t o  s imula te  c a n i s t e r  
blocking c o n d i t i o n s .  However, the  t e s t  i s  conducted without  i n f l a t a n t s ,  
whereas c a n i s t e r  c o n d i t i o n s  inc lude  i n f l a t a n t s  which preclude adhesion. 
The tes t  d a t a  measure t h e  p o t e n t i a l  t o  f a i l ,  where i n  t h e  c a n i s t e r  only 
a very small p o r t i o n  of t h e  specimens w i l l  be s u b j e c t e d  t o  t h e  s imulated 
tes t  c o n d i t i o n s .  
material without  i n f l a t a n t s  under hea t  and p r e s s u r e )  occur  i n  t h e  c a n i s t e r ,  
t h e  ma te r i a l  m u s t  a l s o  have t h e  p o t e n t i a l  t o  adhere and t e a r  f o r  f a i l u r e  t o  
occur .  

If t h e s e  c o n d i t i o n s  (accordion p l e a t s  o r  z igzag f o l d s  of 

2 .  Hot-wheel adhesion.  This  t e s t  s imula tes  t h e  c o n d i t i o n  of material 
passing beneath t h e  h o t  s e a l i n g  wheel r e s u l t i n g  i n  i n c l u s i o n s  and p o t e n t i a l  
adhesion.  However, s i n c e  many p recau t ions  have been taken t o  p rec lude  t h i s ,  
only a very small f r a c t i o n  of m a t e r i a l ,  i f  any, w i l l  be s u b j e c t  t o  t h i s  
cond i t ion .  The tes t  r e su l t s  measure t h e  p o t e n t i a l  t o  adhere.  However, i n  
o r d e r  t o  be cause f o r  f a i l u r e ,  t h e  ma te r i a l  m u s t  bct sub jec t ed  t o  hot-wheel 
adhesioa co?d i t ions ,  m u s t  have t h e  p o t e n t i a l  t o  adhere and t e a r ,  and t h i s  
cond i t ion  must bs undisclosed by in spec t ion .  

3 .  Seam p e e l .  Seam pee l  i s  not a normill cond i t ion  i n  any of t h e  t h r e e  
time s t ages  of ope ra t ion .  F a i l u r e  w i l l  r e su l t  only i f  t h e  s e a l  i s  s u b j e c t  
t o  pee l  Arid a l s o  has the  p o t e n t i a l  t o  fa i .1  i n  p e e l .  The : ? s t  treasures 
t h e  p o t e n t i a l  t o  f a i l .  The s ea l ,  however, w i l l  be sub.jectLd to t e n s i l e  
cond i t ions  which are  measured through thtl seal v d r i i i b l e s  t e s t s .  I n  ; ~ d d i t i o n ,  
t h e  adequacy of t h e  back-up s e a l i n g  wheel was eva lua ted  under sepa ra t , :  s tudy .  
Tens i l e  s t r e n g t h  a f t e r  thermal shock was t-estcd o v e r  t h e  e n t i r e  c i rcumference 
of t h e  wheel, and no t c . n s i l e  f a i l u r e s  occurred w i t h i n  the  seam. 

4. A l u m i n u m  adhesion.  Again, t h c  t-est. coridit iuns a r e  on ly  remotely 
probable  diiring the  ope ra t ion  t ime s t a g e s .  CIletalij.inng dt>fe<- t s ,  h7wever, 
can be indiiced by handl ing du r ing  f a b r i c a t i o n .  These condj t  ions  a r e  
evaluated by the  manufacturing d e f e c t  p o r t i o n  of t he  i w d c l .  

Man!if ac t u r  ing d e f e c t  eva l u a t  ion : The 1 a br i c a t  i o n  def  r-c t eva l  ua t ion 
development of the  model i s  based on the  premise t h a t  i F  d d e f e c t  i s  l o c a t e d ,  
i t  i s  r epa i r ed  s a t i s f a c t o r i l y  and t h e  r e p a i r  w i l l  rcsul t i n  pcrformance 
comparable t o  ii d e f e c t - f r e e  component. The re fo re ,  f a i l u r e  can occur only i n  
t he  case where d e f e c t s  a re  not l o c a t e d  by i n s p e c t i o n .  

Relevant d a t a  and independence: The c h a r a c t e r i s t i c s  measured by both 
v a r i a b l e s  and a t t r i b u t e s  t e s t i n g  a re  considered t o  be independent,  and tes t s  
are  assumed t o  measure t h e  e n t i r e t y  of c h a r a c t e r i s t i c s  which have the  po ten t - i a l  
t o  cause f a i l u r e .  
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Homogeneity o f  components: Each component i s  cons idered  t o  be of t h e  
same gene ra l  s t r u c t u r e  throughout  i t s  e n t i r e  s i z e  ( a r e a  o r  l e n g t h ) .  

Adhesion d u r i n g  i n f l a t i o n :  The mode of f a i l u r e  du r ing  i n f l a t i o n  i s  con- 
s i d e r e d  t o  be material t e a r i n g  caused by adhesion. I f  adhesion occurs ,  t h e  
f o l d s  are assumed t o  e i t h e r  open or t h e  ma te r i a l  w i l l  tear. 

R e l i a b i l i t y  p r e d i c t i o n s  by components and s t a g e s  f o r  I n f l a t a b l e  Sphere 
Assemblies 2, 3, and 4 are shown i n  F igures  20, 21, and 2 2 ,  r e s p e c t i v e l y .  

FABRICATION 

Material T r e a t i n g  and Inspec t ion  

The m a t e r i a l  t r e a t i n g  ope ra t ion  w a s  t h e  f i r s t  s t e p  i n  p rocess ing  t h e  
aluminized PET. I ts  purpose w a s  t o  prevent  t h e  PET s i d e  of t h e  material from 
adhe r ing  t o  i t s e l f  dur ing  t h e  f a b r i c a t i o n  processes ,  and du r ing  t h e  s t o r a g e  
of t h e  sphere  p r i o r  t o  i t s  deployment i n  space. The process  c o n s i s t e d  of coat -  
i n g  a s o l u t i o n  of Freon TF and c a t i o n i c  de t e rgen t  on t h e  P m  s i d e  of t h e  alumi- 
n ized  material, and pass ing  i t  through a drying tunne l  where t h e  s o l v e n t s  were 
evapora ted .  The r e l a t i v e  web speed past  t h e  reverse  c o a t i n g  r o i i e r  was about  
12 m/min. Room t empera ture  cond i t ions  w e r e  maintained i n  t h e  c o a t i n g  b a t h  and 
f i r s t  s t a g e  d r y i n g  tunne l .  The second s t a g e  tunnel  w a s  opera ted  a t  54.4 C. 
F igu re  23 shows t h e  web th read ing  diagram of the t r e a t i n g  machine. 

The aluminized PET w a s  t h e n  v i s u a l l y  inspec ted  t o  d e t e c t ,  i d e n t i f y  and 
f l a g  any material d e f e c t s .  The aluminized s i d e  of t h e  m a t e r i a l  was inspec ted  
f o r  p inho les ,  pinwindows, and o t h e r  d e f e c t s  by pass ing  it between a l i g h t  
sou rce  and an i n s p e c t o r  i n  a darkened a r e a .  (See f i g u r e  24.) The l i g h t  w a s  
d i f f u s e d  by a simple t r a n s l u c e n t  p l a s t i c  s h i e l d  and w a s  l o c a t e d  5 c m  from t h e  
web t o  produce optimum i n s p e c t i o n  cond i t ions .  The i l l u m i n a t i o n  a t  t h e  PET 
w a s  1076 lumens/cm2. 
ing  c o n d i t i o n s  and w a s  inspec ted  on t h e  PET s i d e  by a second ope ra to r .  During 
t h e  i n s p e c t i o n ,  material w a s  c u t  i n t o  51.8-m gore blanks and material acceptance  
tes t  samples were c u t  and s e n t  t o  t h e  Material Tes t ing  Laboratory.  Table  16 
summarizes t h e  d e f e c t s  and t h e  p o s s i b l e  co r rec t ions .  

I t  then  passed o u t s i d e  the  darkened area t o  normal l i g h t -  

Gore Cu t t ing  

The next  s t e p  i n  t h e  manufacturing sequence w a s  t o  t a i l o r  t h e  gore  blanks 
i n t o  s e c t i o n s  which, when s e a l e d  t o g e t h e r ,  would form a 30.48-m diameter  sphere ,  
The material w a s  dispensed on a long f l a t  t a b l e  f i t t e d  wi th  guide r a i l s  (gore 
t empla t e )  which formed t h e  o u t l i n e  of t h e  gore .  The go res  were c u t  by b lades  
which followed t h e  guide ra i l s  on t h e  t a b l e .  Increment marks were made along 
both  go re  edges eve ry  30.5 c m  t o  f a c i l i t a t e  alinement du r ing  t h e  s e a l i n g  opera- 
t i o n .  A 2.54-cm diameter  t ape  d i s c  was sealed nea r  one g o r e  edge a t  t h e  
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TABLE 16.- CLASSIFICATION OF DEFECTS 

M a t e r i a l s  T e s t s  R e  i e c t  Repair  

T e n s i l e  s t r e n g t h  

T e n s i l e  impact 

Re f l ec t ance  & 
specu la r  i t y  

Aluminum adhesion 

Gore weight 

Thic kne s s 

1 ohm per  square  

Seal ing-wheel  adhesion 

C a n i s t e r  - s imula t ion  
and adhesion 

Tape age 

6 2 
dyn/cm Less than  1241 x 10 

6 Less than 4.2 X 10 dyn-cm 

Less than 83% r e f l e c t a n c e  o r  
g r e a t e r  than 90% 

Aluminum on tape  

Exceeds range 6 2 6 2  64 gms 

Exceeds 2 10% nominal th ickness  

More than  1 ohm per square  

Tear i n  sample 

Tear i n  sample 

Over 30 days 

None 

None 

None 

None 

None 

None 

None 

None 

None 

None 
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TABU 16.- CLASSIFICATION OF DEFECTS (Concluded) 

Seam Tests Repair Gore Removal 

Flexure F a i l u r e :  Use b i t a p e  Requa li fy ing  
and r equa l .  a c t i o n  f a i l s  
Use 0.85 cm d i a .  dowel. 

Thermal shock F a i l u r e :  b i t a p e  and Requal i  fy ing  
r e q u a l .  a c t i o n  f a i l s  

Seam creep 6 Exceeds 0 .5 mm a t  
150 C and 138 x 10 
dyn/cm2. Add b i t a p e .  

Seam peel  

Seam ha l f  width 

Seam gap 

Seam overlap 

Miscellaneous 

See n o t e  ( f ) .  F a i l u r e :  R e q u a l i f i c a t i o n  
Add b i t a p e  and r e q u a l i f y .  value p l u s  

o r i g i n a l  va lue  
less than 0.58 x 10 6 dyn 

Less than 1.02 c m  f o r  
2.54 c m  wide and less 
than 0.64 cm f o r  1.91 
cm wide. 

Exceeds 7 . 6  mm 

Exceeds 1 . 2 7  mm 

See no te s  

See no te s  

A 1 i neme n t marks Exceeds 0.152 cm See no te s  

Fo ldover Greater than 0.16 c m  Outside the  t ape  

Patches 
Patches (gores) Exceeds 348.4 cm 

and w i t h i n  t h e  t a p e  

2 

per  gore 

Notes - Seal Repair  L imi t a t ions  

(a) Maximum s i n g l e  r e p a i r  l eng th  per  s e a l  s h a l l  no t  exceed 2.4 meters. 
(b) Maximum t o t a l  r e p a i r  l eng th  pe r  seal  (excluding gore replacement) 

shall be 4.57 meters. 
(c) Repair c u t  t o  be 30% longer than  t h e  d e f e c t  l eng th  on e i t h e r  s i d e .  
(d) Sp l i ce  p l a t e  r e p a i r  t ape  s h a l l  extend a minimum of 5.08 c m  beyond 

the c u t  l eng th  on e i t h e r  s i d e  of t h e  ou t -o f - to l e rance  l eng th .  
(e) A l l  repair c u t s  t o  be 

g r e a t e r  than 0.58 X 10 dyn. F a i l u r e  r e q u i r e s  gore removal. 
( f )  F a i l u r e  o f  t h e  f irst  pee l  t es t  p l u s  f a i l u r e  of e i t h e r  t h e  f i r s t  

flexure f a s t  or tha f i r s t  thermal shock t e s t  s h a l l  r e q u i r e  go re  reawvol, 

ee l  t e s t e d  and combined va lues  s h a l l  be E 
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equator  for al inement  r e fe rence  du r ing  t h e  powdering opera t ion .  The c u t  gore 
was rewound on a co re ,  weighed, and wrapped f o r  s torage .  F igure  2 5  shows t h e  
c u t t i n g  opera t ion .  

Gore Sealing: and Assembly 

FTior t o  s e a l i n g  t h e  go res ,  they were balanced accord ing  t o  a s p e c i f i e d  
weight  t o l e r a n c e ,  and a s s igned  t o  va r ious  pos i t i ons  i n  t h e  sphere.  Ind iv idua l  
go res  were r e q u i r e d  t o  weigh 626 + 6 4  gms. To ba lance  t h e  gores ,  those f o u r  
go res  a s s lgned  p o s i t i o n s  90 degrees  a p a r t  were requ i r ed  t o  weigh wi th in  14 @s 
of each o t h e r ,  The gores  were jo ined  a t  the edges,  one a t  a t i m e .  The 
gore  edges were cleaned w i t h  so lven t  before. s e a l i n g  t o  in su re  a r e l i a b l e  bond, 
and t h e  seal cleaned on bo th  s i d e s  a f t e r  sea l fng  t o  remove any  traces of 
r e s i d u a l  adhesive.  Sealed go res  were draped over t h e  s e a l i n g  t a b l e  cen te r  
ra i l  where they  were exposed for fnspect ion.  (See f i g u r e  2 6 . )  

During t h e  assembly of t h e  PAGEOS spheres  a number of subassembly oper- 
a t i o n s  were conducted. These ope ra t ions  were as fol lows:  v e n t  h o l e  assembly, 
p a r t  f i n a l  seal, p o l a r  cap i n s t a l l a t i o n ,  c o n t i n u i t y  r i n g  i n s t a l l a t i o n ,  in- 
f iatant  h s i a l ? a t i o n ,  and the f i n a l  seal. 

Vent holes.-The vent  ho les  a r e  0.16-cm diameter  h3les  placed i n  t h e  t u9  -- 
gores  which are on t h e  o i i t s ide  of t h e  p lea ted  s t ack  of t h e  sphere .  These gores  
a r e  180 degrees  a p a r t  i n  the  i n f l a t e d  sphere.  One h o l e  was loca ted  a t  each 
z igzag;  t h e i r  purpose w a s  t o  bleed a i r  from the  sphere  a f t e r  i t  w < i s  packaged 
i n t o  t h e  c a n i s t e r .  

Po la r  cap  and p a r t - f i n a l  seal.,The polar  caps and p a r t - f i n a l  seals were 
i n s t a l l e d  on t h e  sphere a f t e r  the gores  were sea l ed  toge the r .  The p a r t - f i n a l  
seal was approximately 0.9-m long, ana  w a s  made at the  t i p s  of t h e  sphere so 
t h a t  t h e  unsea ied  edges of t h e  f i r s t  go re  and t h e  las t  gore ef t h e  halloor? 
were jo ined  toge ther .  The purpose of i n s t a l l i n g  t h e  p a r t - f i n a l  seal was t o  
permi t  end cap  i n s t a l l a t i o n  b e f o r e  t h e  f i n a l  seal w a s  made. 

The p o l a r  cap assembly c o n s i s t e d  of two p ieces ,  an inner  and a n  ou te r  
cap (see f i g u r e  2). The inner  cap was made from 0.0254-mm (*!ear PET and 
w a s  thc! s t r u c t u r a l  member of t h e  po la r  cap. The ou te r  cap  w d s  made from 
0.0127-mm metal ized Per, contained vent  ho le s ,  and w a s  t h e  u l t r a v i o l e t  s h i e l d  
f o r  t h e  p o l a r  cap assembly, 

Con t inu i ty  ring., A f t e r  t h e  p o l a r  caps had been i n s t a l l e d ,  two c o n t i n u i t y  
r i n g s  were f n s t a l l e d ,  a n  i n n e r  and an ou te r  r ing .  Both r i n g s  were on t h e  
o u t s i d e ,  a luminized s i d e ,  of t h e  sphere.  
cap  wi th  t h e  ends of t h e  go res ,  and cons is ted  of a silver conduct ive p a i n t  
app l i ed  around t h e  edges of t h e  o u t e r  polar  cap. The purpose of t h i s  r i n g  
was t o  provide dc c o n t i n u f t y  between t h e  gores and t h e  ou te r  p o l a r  cap. A 
meta l ized  PET t ape  r i n g  was then i n s t a l l e d  over t h e  pa in ted  area t o  p r o t e c t  
t h e  si lver p a i n t  from a b r a s i o n  du r ing  fo ld ing  and packing. A f t e r  t h i s  r i n g  
was i n s t a l l e d ,  an  e l e c t r f c a l  c o n t i n u i t y  check was made. The o u t e r  con t inu f ty  
s t r i p  waa e f m i l a r  i n  d e s i g n  and purpose t o  t h e  fnne r  c o n t i n u i t y  s t r i p ,  but  

The i n n e r  r i n g  connected t h e  p o l a r  
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w a s  7 .6  cm f a r t h e r  o u t  from t h e  p o l a r  cap ,  and connected t h e  g o r e s  t o  one 
ano the r .  This c o n t i n u i t y  s t r i p  c o n s i s t e d  of t h e  s i l v e r  p a i n t  and a 0.3-cm 
aluminum laminate  bonded t o  t h e  gores .  Thermosetting t a p e  w a s  a l s o  bonded 
over  t h i s  c o n t i n u i t y  s t r i p  f o r  p r o t e c t i o n .  

F ina l  .seal.-The l a s t  s p e c i a l  assembly was t h e  f i n a l  sea l .  A f t e r  t h e  
sphe re  had been completed and t h e  i n f l a t i o n  system i n s t a l l e d ,  t h e  f i n a l  seal  
was used t o  c l o s e  t h e  remaining opening i n  t h e  bal loon.  The f i n a l  seal  con- 
s i s t e d  of two tapes coated wi th  the rmose t t i ng  adhes ive ,  an i n n e r ,  1.9-cm 
wide, c l e a r  t a p e ,  and a n  o u t e r  2.54-cm wide aluminized t a p e .  

I n f l a t i o n  Compound I n s t a l l a t i o n  and P l e a t i n g  

After  t h e  p o l a r  caps and c o n t i n u i t y  s t r i p s  had been i n s t a l l e d  i n  t h e  
sphe re ,  t h e  i n f l a t i o n  system w a s  added. This o p e r a t i o n  w a s  performed i n  a 
temperature and humidity c o n t r o l l e d  atmosphere. 

The i n f l a t i o n  system c o n s i s t e d  of two powdered chemicals dus t ed  between 
t h e  l a y e r s  of t h e  sphe re  as it  w a s  being p l e a t e d .  The i n f l a t a n t  powders were 
anthraquinone and benzoic a c i d .  These powders, when exposed t o  t h e  p r e s s u r e  
and temperature of space ,  sublime and change t o  a gas  which i n f l a t e s  and 
p r e s s u r i z e s  t h e  sphere.  

The powder d i s t r i b u t i o n  w a s  intended t o  produce c o n t r o l l e d  i n f l a t i o n  
as t h e  sphere deployed. To e f f e c t  t h i s  4.54 Kg of benzoic a c i d  and 2.27 Kg 
of anthraquinone w a s  dus t ed  i n  t h e  e q u a t o r i a l  h a l f  of t h e  sphe re  area,  which 
was t o  deploy f i r s t ;  and 6.80 Kg of anthraquinonz w a s  dusted over t h e  
remaining h a l f  of t h e  sphe re  ( p o l a r  a r eas ) .  

Accordion p l e a t i n g  c o n s i s t e d  of l a y i n g  t h e  sphe re  o u t ,  f u l l - l e n g t h  on a 
s h e l f ,  above t h e  p l e a t i n g  and powdering t a b l e .  The mater ia l  w a s  t hen  f e d  down 
t o  t h e  p l e a t i n g  t a b l e  where 5 p l e a t s  were put  i n  each gore w i t h  thsz a i d  of a 
contoured p l a s t i c  template .  Aliquot  p a r t s  of i n f l a t i o n  powders were dus t ed  i n t o  
each p l e a t  as it was made except t h e  two a d j a c e n t  t o  t h e  f i n a l  sea l .  mese two 
were l e f t  undusted t o  leave a c l ean  bonding s u r f a c e .  

The f i n a l  p l e a t e d  s t a c k  was 45.7 c m  wide a t  t h e  c e n t e r  and t ape red  t o  
15.2 cm a t  each end. This long t h i n  c o n f i g u r a t i o n  w a s  necessary  t o  produce 
a fo lded  s t a c k  which would f i t  i n  a c a n i s t e r  as a sphe re  was zigzag f o l d e d  
i n  a l a t e r  opgra t ion .  F igu re  27 shows t h e  v a r i o u s  s t e p s  of p l e a t i n g ,  f o l d i n g ,  
and packing t h e  sphere .  

C a n i s t e r  Packing 

Following t h e  f i n a l  seal o p e r a t i o n  t h e  sphere w a s  p laced i n  a p l a s t i c  
sleeve which w a s  evacuated t o  remove excess a i r  from t h e  sphe re  and t o  " s e t "  
t h e  p l e a t s  p r i o r  to  t h e  c a n i s t e r  packing ope ra t ion .  P r i o r  t o  packing, a € r  
wicks were placed i n  both ha lves  of t h e  c a n i s t e r  t o  he lp  bleed a i r  from t h e  
bal loon during t h e  evacuat ion p rocess .  I n  t h e  packing o p e r a t i o n  ha l f  of t h e  
sphere was packed i n t o  each c a n i s t e r  h a l f  as shown i n  s t e p s  2 and 3 of F3,gura 2 7 .  
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I n f l a t a n t  powder dus ted  between 
p l e a t s  ( i n s i d e  s p h e r e ) .  

P l e a t e d  s t a c k  I 

S t e p  1 ( 1 / 2  sphere  shown) 

Vent 

Top view of iower can i s te t ;  h a l f .  
( R o t a t i o n  of sphere di ir ing zigzag f c l d i r .  g> 

S t e p  2 

S i d e  view of p l e a t e d ,  r o t a t e d ,  arid f o l d e d  

S t e p  3 

sphere  i n  s p h e r i c a l  c a n i s t e r .  

Figure 27.- Fold ing  and packing. 
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A f t e r  t h e  two canister h a l v e s  had been packed, t h e  t o p  canister h a l f  w a s  
l i f t e d  and placed on t h e  lower h a l f .  P r i o r  t o  c l o s i n g ,  smoke s h i e l d s  were 
p h c e d  i n s i d e  the c a n i s t e r  f l a n g e s  t o  p r o t e c t  t h e  bal loon from pyro techn ics  
(used during c a n i s t e r  s e p a r a t i o n )  e n t e r f n g  t h i s  area. 
ready f o r  t h e  c l o s i n g  operat ion.  

The c a n i s t e r  w a s  then 

C a n i s t e r  Evacuation and Weight DetermLnatLon 

The evacua t ion  process  removed t h e  a i r  from t h e  c a n i s t e r  and from w i t h i n  
t h e  bnlloon. The s l i g h t l y  open c a n i s t e r  w a s  p l aced  Ln a vacuum chamber 
equipped w i t h  c l o s i n g  wrenches. The a i r  w a s  t hen  removed from t h e  vacuum 
chamber slowly t o  prevent  excess  d i f f e r e n t i a l  p r e s s u r e  from b u i l d i n g  up 
w i t h i n  t h e  balloon. The vacuum chamber p r e s s u r e  w a s  r e g u l a t e d  t o  maintain 
a pressure of less than 133.3 dyn/cm2 f o r  72 hours t o  permit  ou tgass ing  of 
t h e  sphere. A 12 hour check w i t h  t h e  chamber s e a l e d  o f f  w e s  then made t o  
determine completeness o f  evacuation. FollowLng removal of t h e  a i r  t h e  can- 
ister was c losed  i n s i d e  t h e  vacuum system. A f t e r  c l o s i n g  w a s  complete, t h e  
sea l ed  c a n l a t e r  was exposed t o  atmospheric p r e s s u r e  and checked f o r  leakage 
p r i o r  t o  shipment. A f t e r  t h e  leakage check, t h e  c a n i s t e r  w a s  packed in a 
shipping c o n t a i n e r  where temperature and  p res su re  i n  t h e  c a n i s t e r  w e r e  recorded 
au tomat i ca l ly  u n t i l  t h e  f i n a l  u s e  of t h e  packaged sa te l l i t e ,  

n e  l a s t  s t e p  i n  t h e  evacuat ion process  w a s  determining t h e  weight of 
t h e  packaged sphere.  The c a n i s t e r ,  and components added du r ing  t h e  packing 
s tage ,  were wefghed p r i o r  t o  packing of t h e  sphere,  s i n c e  t h e  sphere could 
not be weighed sepa ra t e ly .  A f t e r  evacua t ion ,  the packed c a n i s t e r  w a s  aga in  
weighed t o  o b t a i n  weight l o s s  due t o  evacuat ion.  The d i f f e r e n c e  y i e l d e d  t h e  
sphe re  weight. 

The fo l lowing  Table 18 g i v e s  t h e  weights ,  i d e n t i f i c a t i o n ,  and d i s p o s i t i o n  
of each of t h e  spheres.  

Sphere Hand1 ing 

During t h e  manufacture of t h e  i n f l a t a b l e  sphere assembly, a number of 
handling p recau t ions  w e r e  taken. These p recau t ions  aided i n  r e t a i n i n g  t h e  
o r i g i n a l  material p r o p e r t i e s ,  and prevented p o s s i b l e  damage o r  contamlna- 
t i o n  from a f f e c t i n g  t h e  completed space c r a f t ,  The p recau t ions  taken were 
as follows: 

1. Relative humidity w a s  maintained below 50 pe r  cen t  t o  keep i n f l a t i o n  
system dry d’uring i n s t a l l a t i o n .  

2. Temperature w a s  c o n t r o l l e d  t o  22 + 3 degrees  C t o  p rov ide  optimum 
cond i t ions  f o r  s e a l i n g  ope ra t ions  and i n f l z t i o n  systems L n s t a l l a t i o n s ,  

3 .  Work t a b l e s  and equipment were covered w i t h  s o f t  p l a s t i c  t o  p r o t e c t  
sphe re  materials from a b r a s i o n  and puncture  damage. 
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4. GBoves were worn by personnel  touching sphere  t o  p r o t e c t  t h e  
m e t a l h a d  s u r f a c e  from f i n g e r  p r l n t s  and body oils. 

5 .  Smoking o r  eating w a s  no t  permi t ted  i n  f a b r f c a t l o n  area t o  prevent  
contamfnatlon o f  t h e  sphere.  

6. Sharp hand t o o l s  and measurfng fnstruments  were n o t  permi t ted  t o  
be used on sphe re  t o  p r o t e c t  it from punctures.  

7. Hand s e a l i n g  i r o n  use was c a r e f u l l y  c o n t r o l l e d  and superv ised  t o  
p r o t e c t  t h e  sphere from shr inkage  and burn damage. 

8. Access t o  manufacturfng area w a s  c o n t r o l l e d  t o  p r o t e c t  t he  sphere  
from a c c i d e n t a l  damage by persons u n f a m f l h r  w i t h  t h e  m a t e r f a l .  

9. Sh fe lds  and f ences  were placed on c e r t a i n  equipment t o  p r o t e c t  t h e  
sphere  from a c c f d e n t a l  damage caused by ope ra to r s  working on o r  walkfng past 
sphere.  

10. Toolfng In  c o n t a c t  wi th  material w a s  desfgned wi th  smooth r ad iused  
su r faces  and  co rne r s  t o  p r o t e c t  m a t e r f a l  from being  s t r e t c h e d  or punctured. 

11. Tables  and f l o o r s  were cleaned f r equen t ly  t o  prevent  any d u s t  from 
contamf na t f ng t h e  sphere  m a  t e r f  a 1. 

CONCLUDING RKMARKS 

e s t r  ss a n a l y s i s  of t h e  o r b i t a l  s a t e l l f t e  showed t h a t  only 8.274 
x 1 P s  dyn/cm skfn s t ress  i s  necessary  t o  make i t  sphe r fca l  when pressur fzed .  
However, t o  maintain a s p h e r i c a l  shape wi thout  i n t e r n a l  p re s su re  a s k i n  s t ress  
of 545 x 10 dyn/cm2 is requi red  t o  y i e l d  t h e  material permanently, These 
c a l c u l a t i o n s  are based on room temperature  condi t ions .  

6 

The thermal a n a l y s f s  of t h e  o r b f t a l  sphere  when between t h e  sun and e a r t h  
showed that t h e  expected mean temperature  i s  about 120 C and d e v i a t e s  from 
t h f s  by less than 10 C. 

The i n f l a t f o n  system s e l e c t e d  c o n s i s t e d  of two organic  chemicals fn  
powder form, I t  w a s  determfned t h a t  4.536 Kg of benzoic a c i d  and 9.072 Kg 
of anthraqulnone w e r e  s u f f f c i e n t  t o  i n f l a t e  and p res su r fze  t h e  30.48 meter 
diameter s h e r e  t o  79.2 dyn/crna. Thfs pres su re  produced a r k f n  stress of 

based on t h e  co ld  s p o t  temperature  (102.9 C) of t h e  sphere ,  s i n c e  l t s  vapor 
pressure  w i t h i n  the  sphere  would be  c o n t r o l l e d  by t h e  condensatfon takfng  
p l ace  a t  t h a t  pobnt. The p res su re  c a l c u l a t i o n s  f o r  t h e  benzoic a c i d  were 
based on t h e  mean temperature  (108.5 C) s i n c e  t h i s  vapor would be  l n  con tac t  
w i t h  a l l  p o r t f a n s  of the sphere.  

48.27 x 10 E dyn/cm2. The p res su re  c a l c u l a t f o n s  f o r  t he  anthraquinone were 
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The stress a n a l y s i s  of t h e  s t a t i c  i n f l a t i o n  sphere  a t tachments  has shown 
t h a t  a s a f e t y  f a c t o r  i n  excess of twice t h e  b a s i c  material (0.0127-mm PET) 
w a s  used i n  t h e  des ign .  

Advance t e s t i n g  of s p e c i a l  a t tachments  necessary  f o r  t h e  s t a t i c  t es t  of  
t h e  30.48 meter sphare  demonstrated t h a t  ample s a f e t y  f a c t o r s  were used i n  
t h e  des ign  of t h e s e  components. The tie-down pa tch  reached a maximum tes t  
ruptyire loading  of  191 X lo6 dyn compared to  21.6 x lo3 ?yn maximum expected 
f o r  opera  ion .  

U l t i m a t e  r u p t u r e  occurred i n  areas beyond t h e  mod i f i ca t ions  i n d i c a t i n g  t h a t  
t h e  des igns  were s a t i s f a c t o r y .  

S h e r i c a l  segments con ta in ing  duc t  mod i f i ca t ions  exceeded 1103 x 10 k dyn/cmq s k i n  stress without s i g n  of deg rada t ion  i n  ad junc t ion  a r e a s .  

The s t a t i c  test  of t h e  sphere  showed t h a t  dimensional requirements  of 
2 1/2 p e r  c e n t  of t h e  diameter  i n  both p o l a r  and e q u a t o r i a l  dimensions were 
m e t .  
No seam c reep  was d e t e c t e d  du r ing  o r  a f t e r  t h e  t es t .  Dc r e s i s t a n c e  measure- 
ments v a r i e d  between 1 and 200 ohms dur ing  t h e  test .  
r e s i s t a n c e  v a l u e s  were h i g h e r ,  be.tween 50 and 300 ohms. The gene ra l  appear- 
ance  a t  stresses above 137.9 x 10 
p o l a r  cap ,  showed t h e  sphere  t o  be a n  e x c e l l e n t  o p t i c a l  r e f l e c t o r .  The 
sphere  was very  smooth and symmetrical. The po in t  of o r i g i n  of t h e  rup tu re  
i s  be l ieved  t o  have been a tuck or underlap of  t h e  go re  material i n  a seam 
n e a r  t h e  n o r t h  p o l a r  cap.  

The u l t i m a t e  s k i n  stress a t  the  t i m e  of r u p t u r e  was 689.5 x lo6 dyn/cm2. 

After t h e  t e s t  t h e  

6 dyn/cm2, wi th  one except ion  near  t h e  n o r t h  

I t  was found t h a t  under c e r t a i n  cond i t ions  of temperature  and p r e s s u r e ,  
t h e  PET s i d e  of t h e  aluminized PET would adhere  t o  i t s e l f  and form a bond. 
When t h e s e  bonds were sepa ra t ed  t h e  material tore. A chemical t rea tment  
process  was found which prevented these  adhes ions .  The t rea tment  c o n s i s t e d  
of c o a t i n g  t h e  PET s i d e  of t h e  aluminized PET wi th  a s o l u t i o n  of 53 p a r t s  
pr,r m i l l i o n  of c a t i o n i c  d e t e r g e n t  i n  Freon TF. Comparison t e s t s  of t r e a t e d  and 
non t rea t ed  PET show no s i g n i f i c a n t  degrada t ion  of t h e  t r e a t e d  material ,  except  
a s l i g h t  i n c r e a s e  in seam creep propecties.  ?ke.reafter, the PET s ; ~ -  LUC U L  L L -  L L L r  

aluminized PET was chemica l ly  t r e a t e d  t o  prevent  adhes ions ,  The t o t a l  s u r f a c e  
area was in spec ted  t o  d e t e c t  and i d e n t i f y  minute imperfec t ions  i n  t h e  alumini-  
z i n g  and t h e  PET. 
t e s t e d  p r i o r  t o  acceptance  of t h e  material. 

Represen ta t ive  samples, taken from each gore  blank,were 

S p e c i a l  t o o l i n g  f o r  many ope ra t ions  f a c i l i t a t e d  a c c u r a t e  f a b r i c a t i o n  
and handl ing  t h e  f r a g i l e  material. A t r e a t i n g  machine was b u i l t  f o r  chemical 
t r ea tmen t  of t h e  aluminized PET. An inspec t ion  machine, i nco rpora t ing  evalu-  
a t i o n  of excess  l i g h t  t ransmiss ion ,  was b u i l t  t o  d e t e c t  ho le s  i n  t h e  a luminiz ing  
and t h e  PFT material. A t a b l e  con ta in ing  t h e  gore  o u t l i n e  was b u i l t  f o r  
a c c u r a t e  gore c u t t i n g  and a long ,  narrow t a b l e  w a s  b u i l t  t o  d i spense  and con- 
t r o l  t h e  material d u r i n g  p l e a t i n g  and powdering. 
c l i n e d  ramps and movable car ts  was developed t o  package t h e  sphere.  

A system inco rpora t ing  in- 

Each phase of manufactur ing was covered by one o r  more k inds  of i n s p e c t i o n  
t o  i n s u r e  conformance to  t h e  s p e c i f i c a t i o n s  and freedom from d e f e c t s .  S p e c i a l  
handl ing  techniques  were developed dur ing  t h e  program t o  minimize deg rada t ion  
of t h e  aluminized PET and t o  permit  optimum i n s p e c t i o n .  
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